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VRÉSUMÉ
Le grenaillage est un procédé de traitement de surface très utilisé dans l’industrie aérospa-
tiale. Il consiste à projeter, à haute vitesse, des grenailles sur la surface d’une pièce métallique.
Lors de l’impact, les grenailles déforment plastiquement une faible épaisseur de matière. Ce
procédé crée des contraintes résiduelles en compression à la surface de la pièce ainsi qu’un
durcissement au sein de la couche plastiquement déformée. Ces contraintes résiduelles com-
pressives, alliées au durcissement, retardent l’amorçage et freinent la propagation des fissures
à la surface de la pièce. La surface d’une pièce étant souvent l’endroit le plus critique pour
la formation des fissures en fatigue, le grenaillage permet d’augmenter de façon significative
la durée de vie des pièces mécaniquement sollicitées en repoussant sous la surface l’amorçage
des fissures.
Malgré ses nombreux avantages, le grenaillage n’est pas exempt d’effets négatifs sur la
vie en fatigue. Les cratères créés à la surface lors de l’impact des grenailles sont des concen-
trateurs de contraintes qui favorisent l’amorçage et la propagation des fissures. De plus, en
impactant l’arête d’une pièce, les grenailles peuvent déformer plastiquement cette dernière et
créer des bavures. Ces bavures sont critiques pour l’amorçage et la propagation des fissures.
Le grenaillage est donc un procédé qui doit être optimisé. Un grenaillage trop léger ne créera
pas assez de contraintes résiduelles compressives et de durcissement en surface pour améliorer
significativement la vie en fatigue tandis qu’un grenaillage exécuté de manière trop sévère
réduira la vie en fatigue de la pièce par la création de concentrateurs de contraintes trop
prononcés.
Les paramètres de grenaillage optimaux sont déterminés par la méthode essai et erreur et
le grenaillage n’est souvent pas pris en compte durant la phase de conception des pièces. Il
est plutôt considéré comme un facteur de sécurité. L’objectif de cette thèse est de développer
un outil analytique, adapté au superalliage de nickel Inconel 718, permettant de prédire la
vie en fatigue ainsi que les mécanismes d’amorçage et de propagation des fissures en fonction
des conditions de grenaillage et des chargements imposés sur la pièce. Ce modèle pourra
permettre, dans le futur, de réduire le nombre d’essais destinés à optimiser les conditions
de grenaillage et de prendre en compte ses effets bénéfiques sur la vie en fatigue lors de la
conception des pièces.
Afin de réaliser cet outil de prédiction analytique, la première étape a consisté à mener
une campagne expérimentale d’envergure afin de caractériser, aux échelles macroscopique
et microscopique, les évolutions des propriétés mécaniques de l’Inconel 718, avec et sans
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grenaillage, durant sa vie en fatigue. Les essais et les observations réalisés ont varié du plus
simple essai de traction aux techniques les plus pointues telles que l’étude de la relaxation
des contraintes résiduelles, l’observation des faciès de rupture au microscope électronique
à balayage ou encore le suivi de la propagation de micro-fissures. Il a été montré qu’un
grenaillage optimal peut multiplier par vingt la durée de vie de l’échantillon en régime de
fatigue endurance. Cependant, en fatigue olygocyclique, le grenaillage n’apporte aucun effet
bénéfique. L’analyse des résultats a permis de définir des recommandations sur les conditions
de grenaillage à utiliser afin de maximiser la vie en fatigue de l’Inconel 718. La plus impor-
tante étant que l’intensité de grenaillage doit être la plus faible possible afin de minimiser
la dégradation de l’état de surface de la pièce tout en étant assez élevée pour engendrer des
contraintes compressives de surface suffisantes pour repousser l’amorçage des fissures sous la
surface.
Les résultats expérimentaux obtenus ont permis le développement d’un modèle analytique
se basant sur le modèle de propagation de fissures de Navarro et de los Rios ainsi que sur
le modèle d’amorçage de fissures de Chan. Ces deux modèles ont été améliorés afin de
prendre en compte la redistribution des contraintes résiduelles et des déformations plastiques
en surface qui ont un effet important sur la vie en fatigue. Le couplage de ces deux modèles
modifiés, en plus de prédire la vie en fatigue, a permis pour la première fois de prédire avec
précision la profondeur à laquelle se produit l’amorçage des fissures.
Une campagne expérimentale destinée à étudier l’effet de la géométrie des arrêtes d’une
pièce sur la formation de bavures sous plusieurs conditions de grenaillage ainsi que la vie
en fatigue résultante a aussi été menée. Cette étude, qui est la première du genre dans la
littérature ouverte, a permis de mettre en évidence les pratiques à éviter concernant le design
et les conditions de grenaillage appliquées aux arêtes des pièces, telles que le grenaillage
d’arêtes vives, ou l’utilisation d’intensités de grenaillage trop élevées.
Cette thèse présente l’une des caractérisation mécanique la plus exhaustive de la littéra-
ture ouverte sur l’Inconel 718 grenaillé. Les données produites et analysées ainsi que le
modèle développé sont des outils qui pourront être utilisés dans l’optimisation des conditions
de grenaillage visant à la maximisation de la vie en fatigue des pièces en Inconel 718.
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ABSTRACT
Shot peening is a surface treatment largely used in the aerospace industry. This cold
working process consists in impinging particles, called shots, at high velocity onto a metallic
part surface. The shots plastically deform the treated surface. The process induces surface
compressive residual stresses and work hardening. Compressive residual stresses and cold
work delay crack initiation and retard short crack propagation at the part surface. The
surface is a critical location for crack initiation and shot peening increases service life by
pushing crack initiation underneath the surface.
Despite its positive effects on fatigue, shot peening also creates dimples that are stress
concentration features which promote crack initiation and propagation. Moreover, when
impacting edges, the shots induce plastic deformations in the form of burrs. These burrs,
called rolled edges, are highly critical for crack initiation and short crack propagation. Shot
peening is thus a process that must be optimized. Shot peening at a low intensity will not
induce sufficiently compressive residual stresses and cold work to improve the fatigue life and
shot peening at a too high intensity will be detrimental to fatigue life due to the formation
of severe surface stress concentration features.
Optimal shot peening parameters are usually determined by trial and error and shot
peening is often not accounted for during the design stages of a component, but rather
considered as a safety factor. This thesis aims at developing an analytical tool to predict
fatigue life, and crack initiation and propagation mechanisms on shot peened nickel-based
superalloy Inconel 718 by accounting for the shot peening and the loading conditions. Such a
model could allow, in the future, to reduce the costs associated with the optimization of the
shot peening conditions and to finally account for its beneficial effects on fatigue life during
design stages.
The first step consisted in performing an extensive experimental campaign to character-
ize, at a microscale and a macroscale, the evolution of peened and unpeened Inconel 718
mechanical properties under cyclic loading. The tests varied from the simplest quasi-static
tensile test to the most complex techniques such as the measurement of the residual stresses
redistribution, the rupture surfaces observations under a scanning electron microscope or the
short cracks propagation monitoring. It was shown that the fatigue life can be increased
by a factor of twenty in high cycle fatigue under optimal shot peening conditions. On the
other hand, it was observed that shot peening is not beneficial, even detrimental, in low
cycle fatigue. The results analysis allowed to define a list of shot peening recommendations
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to maximize the fatigue life of shot peeneed Inconel 718. The main one is that the shot
peening intensity should be as low as possible to minimize the resulting surface roughness
but it should be sufficiently high to induce compressive residual stresses that will repel crack
initiations underneath the surface.
The experimental results allowed to calibrate and develop an analytical model adapted
from the Navarro and de los Rios propagation model and the Chan’s crack initiation model.
Both models were modified to account for the residual stresses and cold work redistribution,
which were found to have significant effects on the fatigue life. These two models, enhanced
and coupled, predicted the fatigue life and for the first time, the crack initiation location on
unpeened and shot peeened Inconel 718 specimens.
An experimental campaign was also performed to study the effects of edge geometries,
under several shot peening and loading conditions, on the formation of rolled edges and the
resulting fatigue life. This study, which is the first one of its kind in the open literature,
allowed to make recommendations for the design of edge geometries intended to be shot
peened, such as the avoidance of sharp edges and high shot peening intensities.
This thesis presents one of the most exhaustive mechanical characterization of shot peened
Inconel 718. Its results and the developed model are useful tools that could be used in the
optimization of shot peening conditions aiming at maximizing Inconel 718 fatigue life.
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1CHAPTER 1 INTRODUCTION
Nickel-based superalloy Inconel 718 is largely used in gas turbine components, such as
shafts or turbine disks and blades. In service, Inconel 718 components are submitted to high
frequency low amplitude (vibrations resulting from minor misalignments) and low frequency
high amplitude (take off, cruise and landing) cyclic loads. Fatigue prediction for such critical
components is therefore of paramount importance in the industry. Fatigue life prediction
capabilities are usually limited to the set of parameters (microstructural features, loading
conditions, etc...) tested during experimental campaigns. Experimental campaigns are ex-
pensive due to the cost of: the base material (more than 50 USD per kg), the machining, the
time required for fatigue tests (several hours or days per specimen) and the fatigue results
analysis (statistical analysis, fractography, use of scanning electron microscope). In this con-
text, the development of a fatigue life prediction model taking into account microstructural
and manufacturing characteristics would provide the aerospace industry with an opportunity
to improve the performance of its components and reduce the costs associated with extensive
experimental campaigns.
Shot peening is a coldwork process consisting in projecting high velocity particles onto a
ductile metallic part to introduce surface compressive residual stresses and hardening, which
both retard crack initiation and propagation. However, shot peening may also increase surface
roughness and create rolled edges, which have a detrimental effect on fatigue life. Therefore,
the fatigue life improvement brought by shot peening is a compromise between its detrimental
and its beneficial effects and optimal shot peening conditions have to be determined. The
standards used to select shot peening parameters in the industry were established in the 60’s
and their validity was hardly questioned ever since. As a consequence, shot peening is usually
not accounted for at the design stages in the aerospace industry, but seen as a safety margin.
Heavier components than what could safely be used are thus produced, which is critical since
nickel-based superalloys constitute more than 50 % of the weight of jet engines.
To reduce costly trial and error experimental campaigns, a fatigue life predictive model
that accounts for the material’s macro and micro-mechanical properties, and their alteration
induced by shot peening, would be an important asset.
In that context, four leading aerospace companies (Pratt & Whitney Canada, Bell He-
licopter Textron Canada, L3-Communications MAS and Héroux-Devtek) pooled their re-
sources to fund a large scale four-year project aiming at predicting the effects of shot peening
on three materials (Inconel 718, Aluminum 7050 T7-451 and Steel 300M). The project in-
2volved 1 research associate, 1 MSc student, 5 PhD candidates and 4 post-doctoral fellows
enrolled in 3 universities (École Polytechnique de Montréal, McGill University and École de
Technologie Supérieure). The project was financially supported by the Consortium for Re-
search and Innovation in Aerospace in Quebec (CRIAQ), the Natural Sciences and Engineer-
ing Research Council of Canada (NSERC) and the Mathematics of Information Technology
and Complex Systems (MITACS).
This thesis aims at developing a model that analytically predicts fatigue cracks initiation
and propagation in shot peened Inconel 718 with the final objective of predicting fatigue life.
The model must be applicable, at room temperature, to two stress levels and three different
peening conditions.
The thesis is organized as follows: A literature survey is conducted in Chapter 2 to
determine, in Chapter 3, the specific objectives. The scientific approach performed to fulfill
the specific objectives is described in Chapter 4. Chapters 5 to 9 present the fulfillment of
the specific objectives through 2 published and 2 submitted journal articles. The findings
of this thesis are discussed in Chapter 10. Finally, the conclusions of this work as well as
recommendations for future work are provided.
3CHAPTER 2 LITERATURE SURVEY
2.1 Fatigue generalities
2.1.1 Definition
Fatigue can be defined as “failure due to repeated loading. In general, one or more tiny
cracks start in the material, and these grow until complete failure occurs” (Dowling, 2013).
In this context, the study of fatigue encompasses cracks initiation and propagation due to
cyclic loading.
2.1.2 Long cracks
Cracks are usually divided in two kinds: 1) the short cracks and 2) the long cracks.
The propagation of mechanically long cracks obeys to the linear elastic fracture mechanics
(LEFM). LEFM based models are considered applicable when the crack is approximately 8
times longer than the crack’s tip plastic zone radius (Dowling, 2013) created by the stress
concentration. In LEFM, crack propagation is assumed to occur in a linear-elastic medium
and the crack’s tip stress and displacement can be characterized independently of the mi-
crostructure with only one parameter: the stress intensity factor K. “K is a measure of the
severity of a crack situation as affected by crack size, stress, and geometry” (Dowling, 2013).
Considering a loading cycle with an applied stress range ∆σ = σmax − σmin, the associated
stress intensity factor range ∆K = Kmax−Kmin can be calculated from Irwin’s model (Irwin,
1957) as
∆K = Y∆σ
√
pia (2.1)
where Y is a factor depending on the crack and the specimen geometries and a is the crack
length. K depends on the crack length and the applied stress. A crack submitted to a low
applied stress range can have the same stress intensity factor as a shorter crack submitted to
a higher stress range.
The ∆K under which no long crack can propagate is the long crack stress intensity factor
range threshold, ∆Kth.
The material’s toughness Kc, corresponding to the stress intensity factor triggering a
brutal rupture, is a material constant in plain strain condition. In other words: brutal
rupture occurs when Kmax reaches Kc . Kc also depends on the crack opening mode. The
three crack opening modes are depicted in Figure 2.1: mode I corresponds to an opening
4mode while mode II and III are shearing modes.
In the region ∆K > ∆Kth but for which Kmax < Kc, the crack growth rate da/dN can
be approximated by the Paris relation (Paris and Erdogan, 1963) as
da
dN = A1∆K
m1 (2.2)
where A1 and m1 are material dependent fitting constants. Crack closure phenomena are not
accounted for in the Paris relation and the constants A1 and m1 also depend on the applied
stress ratio. The crack growth rate of a long crack as a function of the stress intensity factor
range is schematically represented in Figure 2.2.
2.1.3 Short cracks
A crack is said to be short when it satisfies one of the following conditions (Ritchie and
Lankford, 1986): 1) microstructurally short: its length is small when compared to the grain
size, 2) mechanically short: its length is small when compared to surrounding or crack’s tip
plastic zone, 3) physically small: its length is inferior to 1 mm and 4) chemically small: the
crack evolves in an environment different from the bulk material. The LEFM cannot be used
for the microstructurally and mechanically short cracks because of the non-continuity of the
medium and the propagation of the crack in an elastic-plastic medium, respectively (Suresh
and Ritchie, 1984).
It is commonly accepted in the literature that short cracks behavior can be divided in
two stages (illustrated in Figure 2.2), namely:
1. Stage I: Crack initiation and propagation within the first grains. At this point, the
crack is microstructurally small and highly dependent on the microstructure. Miller
(1993) calls it the regime of microstructural fatigue mechanics (MFM). The crack is
fully driven by shear stress. Propagation will not occur if the crack’s driving force is
not sufficient to overpass the first microstructural barrier. This phenomenon is called
the microstructural threshold. This process can be repeated several times.
2. Stage II: The crack monotically grows and obeys to the elastic-plastic fracture mechan-
ics (EPFM), in which significant plasticity occurs at the crack’s tip (Miller, 1993). The
crack is mechanically short.
5(a) (b) (c)
Figure 2.1 Three rupture modes: (a) opening mode, (b) sliding mode and (c) tearing mode
(Chowdhury et al., 2014)
log10(∆K), log10(a)
log10(
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Figure 2.2 Schematic representation of short and long cracks behavior. The full line represents
the long crack propagation rate as a function of the stress intensity factor range and the
dotted line represents the short cracks behavior as a function of the crack length. The three
different mechanical regimes (MFM, EPFM and LEFM) are identified. The Paris relation,
the material toughness and the stress intensity factor range threshold are also represented
62.2 Inconel 718 mechanical and fatigue properties
2.2.1 Chemical and monotonic mechanical properties
Chemical properties
Inconel 718 is an austenitic face-centered cubic (FCC) matrix having the chemical com-
position presented in Table 2.1 (SAE-Aerospace, 2009). The matrix is strengthened with two
kinks of γ precipitates: γ′ (Ni3(Ti− Al) and γ′′ (Ni3(Nb− Ti)). Inconel 718 also contains
second phase δ particles (Ni3Nb) located along the grain boundaries and within the grains.
The presence of NbC and TiN particles has also been reported (Alexandre et al., 2004; Xiao
et al., 2008).
Mechanical properties
Inconel 718 minimal monotonic tensile properties (SAE-Aerospace, 2009) are presented
in Table 2.2.
2.2.2 Crack initiation in Inconel 718
Initiation at persistent slip bands
When a component is cyclically loaded, slip bands appear in the surface grains having
their slip systems oriented in which the maximum shear stress is developed (Sangid, 2013).
Table 2.1 Inconel 718 chemical composition (weight %) (SAE-Aerospace, 2009). Bal.: balance
Fe Ni Cr Mo Ti Al
Minimum Bal. 50.00 17.00 2.80 0.65 0.20
Maximum Bal. 55.00 21.00 3.30 1.15 0.80
Table 2.2 Minimal requirements for Inconel 718 monotonic tensile properties (SAE-Aerospace,
2009). EL: elongation at failure and AR: area reduction at failure
σu (MPa) σy0.2% (MPa) EL (%) AR (%)
1276 1034 12 15
7In the case of Inconel 718, which is composed of FCC crystals, the slip systems favorable to
the maximum shear stress are the {111} planes. Slip bands along the {111} planes have been
clearly observed by Xiao et al. (2008) with a transmission electron microscope under plastic
deformation. Slip bands are constrained within the grain. Dislocations move forward and
backward along those slip bands during cyclic loading and create persistent slip bands (PSB).
At the component’s surface, PSB create intrusion and extrusion features (Maderbacher et al.,
2013). According to Sangid (2013), this local plastification leads to a difference of hardness
between the slip bands and the rest of the grain. Cracks initiate at the interface between
the two zones. The largest grains are more subjected to crack initiation because: 1) the
largest grains are less constrained by the surrounding microstructure and are more subjected
to deformation (Keller et al., 1989), 2) the dislocation density is initially lower in the largest
grains, which results in longer free path for the dislocations (Keller et al., 1989) and 3) the
longer PSB result in longer initial cracks (Miao et al., 2009).
Stinville et al. (2015) have shown that the maximum strain occurs at twin boundaries
favorably oriented in the nickel-based superalloy René 88DT (similar to Inconel 718). Texier
et al. (2016) observed that, when the crack initiation occurred in a grain, it was near a twin
boundary in Inconel 718. Figure 2.3 shows a crack that initiated at a twin boundary in
a nickel-based superalloy René 88DT tested under a strain ratio Rε = −0.75 and a maxi-
mum applied strain of εmax = 0.40 %. It suggests that twin boundaries are microstructural
weaknesses for crack initiation in nickel-based superalloys.
Initiation at non metallic inclusions
TiN and NbC inclusions are sources of crack initiation in Inconel 718, especially in the
presence of fine grains (Alexandre et al., 2004). According to Alexandre et al. (2004) and
Texier et al. (2016), NbC cracking can occur during the first monotonic tensile loading.
Figure 2.4 shows a non metallic inclusion that cracked during a tensile test interrupted at
80 % of the yield strength (Texier et al., 2016). Zhou et al. (2012) showed that surface NbC
carbides can also be damaged during the machining process. Crack initiation near, or at,
non metallic inclusions are due to the difference in elasticity between the particles and the
material’s matrix (Texier et al., 2016).
2.2.3 Short crack propagation
PSB lead to stress concentrations at grain boundaries. These stress concentrations in-
crease with the number of cycles and can trigger PSB in an adjacent grain having a close
crystal orientation (Sangid, 2013).
8(a) (b)
Figure 2.3 Crack initiation at a twin boundary in René 88DT (Stinville et al., 2016): (a) a
crack can be observed on the surface of the specimen at 32 % of the fatigue life and (b) the
associated electron backscatter diffraction picture taken prior to fatigue testing. The arrow
presents on each picture points toward the same location
Figure 2.4 Micrograph of a non metallic inclusion cracked during an interrupted tensile test
at 80 % of the yield strength (Texier et al., 2016). The arrows show the presence of PSB in
favorably oriented grains
9A crack typically re-orients when it propagates from a grain to the next due to its crystal
orientation dependence. This phenomenon has been observed by Maderbacher et al. (2013)
in Inconel 718, as shown in Figure 2.5(a), where two short cracks following the PSB of several
grains can be observed. This propagation mechanism leads to a faceted failure surface that
has been called “quasi-cleavage feature” by Mills and Brown (2001) and Ma et al. (2010).
Figure 2.5(b) shows a crack initiation site and a faceted rupture surface in Inconel 718. These
propagation mechanisms are characteristic of the MFM and the beginning of the EPFM
regimes and define stages I and II (Miller, 1993).
Most of the fatigue life is spent in the MFM and EPFM regimes. Indeed, Chen et al. (2000)
observed crack lengths inferior to 0.1 and 1 mm at 80 % of the fatigue life for Inconel 718
specimens tested in rotating bending fatigue under stress amplitudes of 64 % and 42 % of
the yield strength, respectively. For higher applied stress levels (shorter fatigue lives), the
crack propagation rate is higher and the crack length before brutal rupture is inferior than
for lower applied stress due to the higher stress intensity at the crack’s tip. This explains
why at 80 % of the fatigue life the crack length decreases when the applied load increases.
It can be concluded that crack initiation and short crack propagation represents the major
part of the total fatigue life. Modelling the propagation kinetic of short cracks is therefore
important for fatigue life prediction.
(a) (b)
Figure 2.5 Stage I and II observations: (a) Persistent slip bands causing intrusions and
extrusions on the specimen’s surface. Crack propagation follows the persistent slip bands
(Maderbacher et al., 2013) and (b) Scanning electron microscope picture of crack initiation
and short crack propagation on Inconel 718. I is the crack initiation site, II is the faceted
site and cpd shows the crack propagation direction (Ma et al., 2010)
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2.2.4 Long crack propagation
At the end of stage II (EPFM regime), striations can be observed on Inconel 718 rupture
surface and the crack enters in the LEFM regime (Ma et al., 2010). In LEFM, Inconel 718
crack growth rate can be modeled with the Paris relation (Chen et al., 2000). The crack will
propagate until the Kc value is reached, leading to the apparition of dimples on the rupture
surface due to ductile rupture (Ma et al., 2010). At this point, the specimen is close to brutal
rupture.
2.2.5 Cyclic yield properties evolution and predictions
Fournier and Pineau (1977) showed that the plastic strain is homogeneously distributed
during the first cycles when Inconel 718 is submitted to low cycle fatigue (LCF) at a strain
ratio Rε = −1. While cycling, the material hardens due to dislocations pileups, PSB are
subsequently formed and the material softens due to the γ′′ particles shearing (Xiao et al.,
2005, 2008). Softening has not been shown to stabilize and its rate increases with the applied
strain amplitude (Sudarshan Rao et al., 2012).
Tong et al. (2004) and Zhan and Tong (2007) successfully used Chaboche’s constitutive
equations (Chaboche and Rousselier, 1983) to predict nickel-based alloys mechanical behav-
ior at 650 ◦C and for Rε = 0. The authors identified the initial yield strength as 150 MPa,
while it is typically of the order of 1000 MPa, which rises questions on the model’s valid-
ity. Chaboche’s constitutive equations, which account for cyclic hardening, ratcheting and
Bauschinger effect (Lemaitre et al., 2009) are based on the flow stress evolution expressed
with the scalar flow function f as
f = J(σ − χ)−R− k (2.3)
where σ is the applied stress, R is the isotropic hardening, k is the initial yield strength
and J is a stress invariant commonly chosen as the von Mises stress invariant in 1D. The
elastic regime is defined as f < 0 and the plastic regime as f = 0. The back stress χ can
be expressed, for a nickel-based superalloy (Zhao et al., 2001), as a Armstrong and Frederick
(Armstrong and Frederick, 1966) kinematic hardening rule as
χ = χ1 + χ2
χi = ai(1− e−Ciεp) i = 1, 2
(2.4)
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where εp is the plastic strain within a half cycle and parameters ai and Ci are material
constants.
The isotropic hardening is commonly expressed as
R(p) = Q
(
1− e−qp
)
(2.5)
where p is the accumulated plastic strain, q is the elastic field size hardening rate and Q is
the elastic field saturation value. Equation (2.5) would not be suitable for Inconel 718 since
it cannot represent continuous softening.
2.3 Shot peening
2.3.1 Definitions
Almen intensity: Almen intensity is a measure of the shot peening intensity commonly
used in the industry. A flat steel strip, called Almen strip, is shot peened. The Almen strip
bends due to the shot peening induced compressive residual stresses on its surface. The
Almen strip’s arc height is measured and converted into Almen (A) units; 1 A = 25.4 µm.
Almen strips are shot peened for different periods of time. Saturation is reached when the
shot peening time is doubled and the increase of the Almen strip’s arc height is less than
10 %. Almen intensity correspond to the deflection of the Almen strip at saturation.
Coverage: Shot peening creates dimples on a specimen surface. A coverage between
0 % and 100 % is the percentage of the shot peened surface covered by dimples. A coverage
beyond 100 % corresponds to a multiple of the shot peening time needed to reach 98 %
coverage. For example, 150 % coverage equals 1.5 times the shot peening time needed to
reach 98 % coverage.
2.3.2 Optimization of shot peening
Shot peening introduces compressive residual stresses and work hardening on the specimen
surface. de los Rios et al. (1995) showed that shot peening delays both crack initiation and
crack propagation in A316 stainless steel. According to de los Rios et al. (1995), in addition to
the crack closure effect due to the compressive residual stresses, the work hardening increases
the resitance to plastic deformation at the crack’s tip. The authors also concluded that
the microstructural threshold is not the critical stage for crack propagation in shot peened
specimens but it is instead the generation of enough plastic deformation at the crack’s tip.
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Gao and Wu (2011) also observed that short crack growth rates were significantly reduced in
aluminum alloy 7475-T7351 shot peened with S110 steel shots at a peening intensity of 8 A.
The authors attributed this beneficial effect to the compressive residual stresses.
Sufficient surface plastic deformation can result in the formation of a nanocrystalline
surface layer (Sato et al., 2004). Liu et al. (2007) showed that shot peening can also lead to
a grain refinement at the shot peened surface. Bagherifard and Guagliano (2012) observed
that the hardness and the fatigue strength of low-alloy steel is increased by the presence of
a nanocrystalline surface layer.
However, the dimples created at the specimen’s surface are stress concentration features
(Li et al., 1992). Bagherifard and Guagliano (2012) observed that the roughness increased
with the shots impact energy and that the beneficial effects of shot peening on fatigue life
(nanocrystalline layer, surface hardening and compressive residual stresses) were masked by
the surface defects induced during severe shot peening. Bagherifard et al. (2014) reached the
same conclusions on shot peened cast iron.
The fatigue life of a shot peened specimen is thus a trade-off between its beneficial (com-
pressive residual stresses, grain refinement and work hardening) and detrimental (surface
roughness) effects. Wagner (1999) experimentally showed, in a magnesium AZ 80 alloy, that
using a peening intensity below or upon the optimal value resulted in a decrease of the fatigue
life.
2.3.3 Shot peening effects on Inconel 718
In Inconel 718, Prevéy (2000) showed that the compressive residual stresses can reach
-1000 MPa and that the cold work can be as high as 40 % at the surface after shot peening
at an intensity of 8 A and for a coverage of 200 %. For the same shot peening conditions, the
depth of the compressive residual stresses is roughly 200 µm. A typical compressive residual
stress profile is presented in Figure 2.6(a).
Cammett et al. (2005) studied the effect of the coverage on the induced cold work and
residual stresses in Inconel 718. The authors shot peened Inconel 718 with CW14 shots at a
peening intensity of 9 A. The coverage varied from 61 % to 400 %. The surface compressive
residual stresses were between 1000 and 1100 MPa for all the coverages tested. Cammett
et al. (2005) reported that no specific trend in the depth of compression was observed.
Zaleski et al. (2017) studied the effects of shot peening on the surface roughness of In-
conel 718. The authors reported that, for a constant impact energy of 180 mJ, a decrease
of the shots diameter increased the resulting surface roughness. They also reported that
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increasing the impact energy up to 180 mJ reduced the surface roughness when compared to
as machined specimens. However, for impact energies higher to 180 mJ, they observed that
the roughness increased with the impact energy.
Few papers deal with shot peened Inconel 718 room temperature fatigue performances.
Nakamura et al. (2011) performed strain controlled low cycle fatigue tests at Rε = 0 on
Inconel 718 shot peened with S110 shots at a peening intensity comprised between 4 and
8 A and a 100 % coverage. The authors observed that, for a 104 cycles fatigue life at room
temperature, shot peened Inconel 718 can withstand a strain range 1.3 times larger than an
unpeened polished specimen. All the crack initiations occurred at the specimens surface.
In high cycle fatigue (HCF), Cammett et al. (2005) observed that Inconel 718 fatigue
limit (defined at 107 cycles) increased from a maximum applied stress of 550 MPa, under a
stress ratio of 0.1, for unpeened specimens to 690 MPa (25 % increase) for specimens shot
peened with CW14 shots at an intensity of 9 A with a 100 % coverage. All crack initiations
on shot peened specimens occurred beneath the surface at a depth corresponding to the
depth of compression of the residual stress profile, as shown in Figure 2.6(b). Note that the
specimens were exposed to a temperature of 525 ◦C during 100 hours after peening. The
surface compressive residual stresses totally relaxed during the thermal exposure and the
maximum compressive residual stresses were around -800 MPa at a depth of 100 µm while
they were of -1000 MPa before the thermal exposure. Cammett et al. (2005) results suggest
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Figure 2.6 (a) Typical residual stress (σRS) profile induced by shot peening. (b) Subsurface
crack initiation in shot peened Inconel 718 (Cammett et al., 2005)
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that Inconel 718 fatigue limit at 107 cycles could be increased by more than 25 % when
compared to unpeened specimens in the absence of a thermal exposure after shot peening.
2.3.4 Residual stress relaxation
Hoffmeister et al. (2012) showed that Inconel 718 residual stresses are mostly redistributed
during the first fatigue cycle at a strain ratio of 0. The amplitude of the redistribution
mainly depends on the cold work profile and the loading conditions (Prevéy, 2000; Zhuang
and Halford, 2001). Kirk (1987) observed that, on several materials including pure nickel,
compressive residual stresses introduced by shot peening can redistribute and become tensile
at the surface after one monotonic tensile loading higher than the material’s yield strength.
This compressive to tensile redistribution is due to the difference in yield strength between
the shot peened affected surface layer and the bulk material. This phenomenon was also
observed by Madariaga et al. (2015) for residual stresses induced by machining in Inconel
718. Similar results on Inconel 100 were successfully simulated with a finite element model
by Buchanan and John (2014). These results are very important since they show that the
compressive residual stresses, which are a beneficial effect of shot peening, can become a
drawback when the applied tensile stress overcomes the material’s yield strength.
2.3.5 Rolled edges
Edges (chamfers, sharp edges or rounded edges) are present on most industrial parts.
During the shot peening process, the shots plastically deform these edges, as depicted in Fig-
ure 2.7. The deformation of an edge can create a stress concentration feature commonly called
“rolled edge” (Figures 2.7(d) and 2.8). Minimizing rolled edges formation is of paramount
importance for the industry since they act as stress concentration features and have a detri-
mental effect on fatigue life (He et al., 2013).
To the best of the author’s knowledge, rolled edge effects on fatigue life have only been
studied by He et al. (2013) and You et al. (2017) in the open literature and they were called
“shot peening lips”. He et al. (2013) showed that, on a martensitic steel tested in bending
fatigue under a strain ratio Rε = 0.1, the fatigue lives were 105, 3× 105 and 107 cycles for an
unpeened specimen, a shot peened specimen with rolled edges and a shot peened specimen
without rolled edges, respectively. It suggests that the presence of rolled edges reduces the
fatigue life improvement potential of the shot peening process. In addition, to the best of
the author’s knowledge, the impact of the edge geometry, prior to shot peening, on the rolled
edges formation has never been studied in the open literature.
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Note that similar phenomena can be observed on specimen edges after laser cutting
(Pessoa et al., 2016) where burrs in the form of re-solidified drops are formed at the cutting
edges. Pessoa et al. (2016) showed that these burrs decreased the fatigue life of stainless
steel 304.
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Figure 2.7 Schematic description of a rolled edge formation. (a) The media approaches the
edge. (b) The media starts to deform the edge. (c) The media deforms the edge. (d) The
created rolled edge acts as a stress concentration feature
Figure 2.8 Rolled edge formed on a specimen’s edge during the shot peening process (He
et al., 2013)
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2.4 Short crack initiation and growth analytical prediction models
2.4.1 Number of cycles to crack initiation
There is no consensus on the definition of crack initiation. The number of cycles to crack
initiation is commonly defined in the literature as the number of cycles at which a crack
becomes long enough to be observed. For example, it was 50 µm and 25 µm in de los Rios
et al. (1995) and Morino et al. (2007) studies, respectively.
Several models that predict the number of cycles to crack initiation exist. However, to
the best of the author knowledge, the only analytical model able to predict the number of
cycles to initiate a crack of a given length is Chan (2003)’s adaptation of Tanaka and Mura
(1981) slip bands initiation model. This model was successfully used by Ma et al. (2010) to
predict the number of cycles for crack initiation in Inconel 718. The number of cycles Ninit
to initiate a crack of length a0 can be calculated as
Ninit =
8G2M2h2 a02
0.005pi (1− ν)D3 (∆σ − 2Mτf )2
(2.6)
where D is the grain size, G is the shear modulus, ν is the Poisson’s ratio, M is the Taylor
factor and τf is the frictional shear stress. The slip band width h is challenging to measure
and is usually used as a fitting constant (Chan, 2003).
The Taylor factor M is used to compute the resolved shear stress in a grain located in
a polycrystal metal as σ = Mτ . When the preferential slip plane of a grain is favorably
oriented (in a 45◦ direction from the applied stress), M = 2 and σ = 2τ . Crack initiation is
supposed to occur in a favorably oriented grain and 2Mτf can thus be approximated as the
applied stress range under which crack initiation does not occur (Chan, 2003). The model
does not account for residual stresses such as the ones induced by shot peening.
2.4.2 Microstructurally short crack growth prediction
Stage I crack propagation is challenging to predict due to the several accelerations and
decelerations induced by the crack propagation dependence on the microstructure.
Hobson (1982) proposed a model that accounts for crack growth rate deceleration at the
first grain boundary. This model is unable to predict the crack accelerations and decelerations
due to the other grain boundaries that the crack will encounter. Chan and Lankford (1983)
developed a short crack model based on the reduction of the crack’s tip strain near a grain
boundary. The orientation of adjacent grains is considered to be the same, which leads to
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little to no variation in the crack growth rate predictions. McEvily et al. (1991) relied on a
modification of LEFM models that account for short cracks. However, the model does not
account for crack’s accelerations and decelerations. As reported by Hussain (1997) in an
extensive literature review, these models do not, or just in certain particular cases “deal with
the usual acceleration and deceleration behavior of short fatigue cracks”.
2.4.3 Mechanically short crack growth rate prediction
In the EPFM regime, Chen et al. (2000) and Morino et al. (2007) experimentally showed
that the crack growth rate of mechanically short cracks in Inconel 718 can be approximated
by
da
dN = w1
(
∆σ
2
)w2
a (2.7)
where ∆σ/2 is the stress amplitude, w1 and w2 are material constants.
Other authors proposed a modification of the stress intensity factor range ∆K. For
example, El Haddad et al. (1979) proposed to use a strain intensity factor range by replacing
∆σ by E∆ε in Equation (2.1). The authors also proposed to add a fictive length to the crack
length in order to better predict the higher crack propagation growth rates of mechanically
short cracks when compared to those in the LEFM regime (long cracks). This model lacks
of physical meaning.
Dowling (1977) proposed a model based on the cyclic J-integral. According to Riemel-
moser and Pippan (2002), the physical interpretation of this model rise many difficulties due
to its complicated determination using cylic yield stress–strain curves.
None of these models account for microstructural parameters and residual stresses.
2.4.4 An overall crack propagation model
Navarro and de los Rios (1988d) developed a model (referred herein as the “N-R model”)
able to predict short (microstructurally and mechanically) and long cracks growth rates. This
model, based on the crack’s tip opening displacement (CTOD), accounts for microstructural
barriers and residual stresses induced by shot peening. The N-R model, which is the most
interesting analytical model for the project due to it’s capacity to predict the overall crack
propagation process, is described in Section 2.5 in more details.
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2.5 N-R model
2.5.1 The original model
The N-R model is based on the Bilby, Cottrell and Swinden’s model (Bilby et al., 1963,
1964) which describes the size of the plastic zone at a crack’s tip using a distribution func-
tion modeling the pile up of dislocations. Based on Tanaka et al. (1986) previous work,
Navarro and de los Rios (1988a) added the concept of microstructural barrier to the motion
of dislocations, which was proposed to be a grain boundary.
Figure 2.9 illustrates the general idea of the N-R model. As shown in Figure 2.9(a),
the N-R model assumes that a crack is inherently present in the material. A plastic zone is
formed at the crack’s tip because of the stress concentration at this location. The plastic zone
is constrained at the grain boundary. The crack grows in the plastic zone increasing the local
shear stress at the microstructural barrier. As schematized in Figure 2.9(b), it is supposed
that a source of dislocations is present in the next grain. The source of dislocations can be
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Figure 2.9 Schematic description of the N-R model: (a) The crack is in the 1st grain and
the plastic zone is constrained at the grain boundary. (b) The crack grows in the plastic
zone, the stress in the plastic zone rises and is felt by the source of dislocations in the next
grain. (c) The source of dislocations has been activated and the plastic zone has spread in
the second grain. (d) The process starts again
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any inclusion or defect in the grain, or even the grain boundary itself. If the stress present in
the plastic zone is sufficiently high, it activates the source of dislocations in the second grain.
However, if the stress in the plastic zone is not sufficiently high, the source of dislocation is
not activated and the crack does not propagate. Navarro and de los Rios called the applied
stress under which this condition of non propagating crack is validated the “true fatigue
limit”. If the source of dislocations in the second grain is activated, the plastic zone extends
in this latter grain, as depicted in Figure 2.9(c). Then, as shown in Figure 2.9(d), the crack
propagates until the stress present in the plastic zone is sufficient to propagate it in the third
grain. The repetition of this process is the basis of the N-R model. It is important to note
that the model is uni-dimensional, transgranular and that crack propagation is symmetrical,
which means that it propagates also in the opposite direction until it meets a free surface.
The principal parameters involved in the model are presented in Figure 2.10. On the
x axis, the position of the crack’s tip (equivalent to the crack length) is denoted by a,
the position of the end of the plastic zone is at half a grain diameter D and the distance
between the grain boundary at which the plastic zone is blocked and the source of dislocation
is r0 (considered negligible when compared to the grain size). The crack length plus the
plastic zone length is represented by the parameter c. A non-dimensional coordinate system
ζ(x) = x/(c + r0) is used. n1 = a/(c + r0) represents the crack’s tip, the end of the plastic
zone is at n2 = c/(c + r0) and 1 is the location of the source of dislocations. The applied
stress σ results in three different stress components, namely:
1. σ1 represents the crack closure stress. It is the residual stress already present in the
material.
2. σ2 is the stress required to trigger plastification at the crack’s tip (friction stress).
3. σ3 represents the stress acting on the source of dislocations.
In order to activate a source of dislocations, σ3 must reach a threshold called σarrest
defined as (Curtis et al., 2003a)
σiarrest =
mi
mi=1
σFL − σi=11√
i
+ σi1 (2.8)
where i is the number of half grains over which the plastic zone has gone through (i = 1,
3, 5,...), σFL (the theoretical fatigue limit) represents the σarrest of the first grain and mi is
the disorientation factor of the ith grain. It should be noted that i is an odd number since it
represents the number of half grains the plastic zone has gone through.
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If the crack has propagated through the entire plastic zone and σ3 < σarrest, the plastic
zone cannot propagate in the next grain and the crack propagation stops. When the plastic
zone is constrained at the first grain boundary, this condition corresponds to the microstruc-
tural threshold. It is also considered that when a source of dislocations in the next grain is
activated, the plastic zone immediately extends within this same grain.
Navarro and de los Rios stated that n1 can reach two critical values: ns and nc. Index
s refers to the starting position in a grain (the beginning of the computation or when the
plastic zone has just spread in the next grain) and index c implies that the plastic zone is
just about to spread in the next grain. i is thereafter used as an exponent on the model’s
variables to mark the number of half grains the plastic zone has expanded through. The
model computation is incremental. Each increment represents the computation from nis to
nic as schematized in Figure 2.11.
Navarro and de los Rios (1988d) showed that, when the plastic zone has propagated
through i half grains, nc can be calculated as
nic =
aic
ci + r0
= cos
(
pi
2
σ − σiarrest
σi2 − σi1
)
(2.9)
Navarro and de los Rios (1987) considered that a crack of length ai=1s is already present
in the material, and obtained as initial conditions
ni=1s =
ai=1s
ci=1 + r0
ci=1 = D2
(2.10)
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Figure 2.10 Schematic representation of the N-R model parameters
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1Figure 2.11 Schematic representation of the N-R model computation increments. Each incre-
ment is the computation from the initial condition or when the crack’s tip has just propagated
through the next grain to the situation where the plastic zone is about to propagate in the
adjacent grain: from nis to nic. i is an odd number representing the number of half grains the
plastic zone has expanded through
When σ3 reaches σarrest at the ith step (n1 = nic), the plastic zone suddenly spreads in
the next grain and the beginning of the next step (i+ 2) is reached, meaning that
ni+2s =
ai+2s
ci+2 + r0
= nic
i
i+ 2
ci+2 = (i+ 2)D2
ai+2s = aic
(2.11)
The N-R model assumes that
da
dN = A2CTOD
m2 (2.12)
where A2 and m2 are experimentally determined constants and CTOD is the crack’s tip
opening displacement. The crack’s tip opening displacement was defined as the number of
dislocations at the crack’s tip multiplied by the burger vector’s norm b (the distortion due
to a dislocation). It was shown that the dislocation distribution S at a coordinate ζ ahead
of the crack’s tip can be expressed as (Bilby et al., 1963; Navarro and de los Rios, 1988b;
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Vallellano, 1999)
S(ζ) = 1
pi2A
(σi2 − σi1)
arccosh(∣∣∣∣1− ni1ζni1 − ζ
∣∣∣∣
)
− arccosh
(∣∣∣∣1 + ni1ζni1 + ζ
∣∣∣∣
)
− (σi3 − σi2)
arccosh(∣∣∣∣1− ni2ζni2 − ζ
∣∣∣∣
)
− arccosh
(∣∣∣∣1 + ni2ζni2 + ζ
∣∣∣∣
)
+ 2
pi2A
ζ√
(1− ζ2)
(σi2 − σi1)arcsin(ni1) + (σi3 − σi2)arcsin(ni2) + pi2 (σ − σi3)

(2.13)
with A = Gb/(2pi(1− ν)) for edge dislocations and A = Gb/(2pi) for screw dislocations. ν is
the Poisson’s ratio and G is the shear modulus. Vallellano (1999) showed that the CTOD
can be expressed as
CTODi = bc
i
pi2A
2(σi2 − σi1)ni1 ln
(
1
ni1
)
+ (σi3 − σi2)
(ni1 + ni2)arccosh
(∣∣∣∣1 + ni2ni1ni2 + ni1
∣∣∣∣
)
+ (ni2 − ni1)arccosh
(∣∣∣∣1− ni2ni1ni2 − ni1
∣∣∣∣
)
(2.14)
From Equation (2.12), the number of cycles can be computed as the integration of
dN = da
A2CTODm2
(2.15)
a = cn1, c remains constant during an increment and n1 evolves from ns to nc. Thus, the
number of cycles for each increment i can be calculated as
N i = 1
A2
∫ nic
nis
cidn
CTODm2
(2.16)
Finally, the total number of cycles to rupture Nf can be calculated as the sum of the
cycles needed to complete each increment:
Nf =
1
A2
∑
i
∫ nic
nis
cidn
CTODm2
(2.17)
When the crack becomes sufficiently long to assume confined plasticity at the crack’s tip
(LEFM), the parameters A2 and m2 can be determined by fitting Equation (2.12) with the
Paris relation (Equation(2.2)) (de los Rios et al., 2000).
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2.5.2 Introduction of residual stresses induced by shot peening
Curtis et al. (2003a) and Solis et al. (2009) considered that the crack closure stress is
equal to the average of the residual stresses σRS induced by shot peening along the crack,
according to
σi1 =
1
ai
∫ ai
0
σRS (x) dx (2.18)
where x is the crack’s tip depth (distance from the shot peened surface). To the best of the
author’s knowledge, the residual stresses redistribution due to cyclic loads has never been
accounted for in the N-R model.
2.5.3 Introduction of work hardening
In shot peened samples, σ2 (friction stress) near the surface can be different from the bulk
material’s yield strength due to local work hardening. de los Rios et al. (2000) experimentally
showed that, in aluminum, the yield strength is linearly proportional to the hardness. Based
on this assumption, the authors measured the through-thickness hardness profile of the shot
peened layer and estimated the value of σ2 as a function of depth and implemented it in the
N-R model. However, this method only accounts for the work hardening due to shot peening
prior to cyclic loading and an eventual redistribution of the cold work profile has never been
accounted for.
The crack’s tip zone is submitted to cyclic yielding during fatigue. This phenomenon can
lead to hardening or softening, depending on the material. Xin et al. (1990) proposed a strain
hardening model based on the mechanics of dislocations. However, this model does not allow
the introduction of residual stresses and is only applicable on materials characterized by a
cyclic hardening behavior (de los Rios et al., 2000), which is not suitable for Inconel 718. Cur-
tis et al. (2003a) considered that strain hardening evolution was not significant in aluminum
and used the cyclic yield strength as σ2 value.
Vallellano et al. (2009) and Vallellano et al. (2013) divided the plastic zone into two parts:
A monotonic plastic zone encompassing a cyclic plastic zone. The monotonic plastic zone
represents the plastic zone that will only suffer yielding during the loading phase. On the
other hand, the cyclic plastic zone will also be submitted to yielding during the unloading
phase. Figure 2.12 depicts the cyclic and the monotonic plastic zones. Both can be blocked
at microstructural barriers and both need to expand for the crack to continue its propagation.
This approach seems to be more realistic than considering only one monotonic plastic zone
since cyclic yielding at the crack’s tip is responsible for the local damage accumulation that
leads to crack propagation. The crack propagation is driven by the cyclic plastic zone and
24
Loading
direction
Crack
Cyclic plastic zone
Monotonic plastic zone
Grain boundary
1Figure 2.12 Schematic representation of the cyclic plastic zone encompassed by the monotonic
plastic zone
its prediction is achieved with the N-R model in which Vallellano et al. (2009) considered
the parameters ranges: ∆σ,∆σ2, ∆CTOD, ∆σFL, etc... The propagation of the monotonic
plastic zone is predicted with Equation (2.9). Note that his approach would be challenging
to apply on Inconel 718 due to its continuous softening behavior under cyclic yielding.
2.5.4 True fatigue limit of shot peened specimens
Curtis et al. (2003a) assumed that the theoretical fatigue limit is directly influenced by
the residual stress at the surface, according to
σSPFL = σFL + σi=11 (2.19)
where σSPFL is the true theoretical fatigue limit of the shot peened material. Based on this
hypothesis, Equation (2.8) can be rewritten as
σarrest =
mi
m1
σFL√
i
+ σ1 (2.20)
which now accounts for residual stresses induced by shot peening.
2.5.5 Introduction of roughness
Surface roughness creates stress concentrations that reduce the stress required to trigger
plastification in a grain located near the surface. Using conformal mapping techniques and
the dislocations distribution, it was shown that the effect of a notch of depth α and half
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width β on a source of dislocation located at a depth iD/2 can be applied on σiarrest with a
stress concentration factor Zi expressed as (Vallellano, 1999; Navarro et al., 1999; Vallellano
et al., 2000a,b)
Zi =
√
iD2
α + β
 β
η
(
iD2
) + α√
1 + η
(
iD2
)2

1
2
η(x) = 1
α2 − β2
[
α
√
(α + x)2 − α2 + β2 − β (α + x)
] (2.21)
The stress required to activate the next source of dislocations is then computed as
σiarrest,Z = σiarrestZi (2.22)
Li et al. (1992) showed, using a finite element model, that the stress concentration factor
at a shot peened specimen’s surface can be expressed as
Kt0 = 1 + 2.1
(
αd
2βd
)
for αd2βd
≤ 0.30
Kt0 = 1 + 4.0
(
αd
2βd
)1.3
for αd2βd
< 0.15
(2.23)
considering that the dimples introduced by shot peening have a depth of αd and a half width
of βd. The couples α–αd and β–βd can be replaced by the roughness parameters Rt and
RSm/2, respectively (Solis, 2002). The stress concentration factor Kt on a crack that has
propagated from the surface to a depth x can be expressed as (de los Rios et al., 1996; Solis,
2002)
Kt(x) = (Kt0 − 1)
(
Rt
x
)2
+ 1 for x > Rt (2.24)
These latter relations have been succesfully used by Solis (2002) on shot peened aluminum
alloys.
2.5.6 Modeling capacities of the N-R model
Solis et al. (2009) successfully generated Kitagawa-Takahashi diagrams (diagrams showing
the stress needed to propagate a crack depending on its length) of the peened and unpeened
aluminum 2024-T351, as shown in Figure 2.13(a). The full and the dotted lines in Fig-
ure 2.13(a) represent σarrest for unpeened and peened aluminum, respectively. The triangles
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and rounds represent the experimental results on peened and unpeened aluminum, respec-
tively. It can be seen that the results are reported for cracks longer than 0.1 mm. This is due
to the impossibility for the authors to observe smaller cracks. The results given by the model
seem reliable (maximal error of 50 MPa), even if an underestimation of σarrest is observed
for the peened material. The fatigue limit of unpeened specimens (σFL) is inferior to that
of shot peened specimen (σSPFL) due to the absence of compressive residual stresses. Similar
work has also been achieved on aluminum 7150-T651 by Curtis et al. (2003b).
The model has been used by de los Rios et al. (2000) to predict the fatigue life of aluminum
2024-T351 under peened and unpeened conditions, as shown in Figure 2.13(b). The predicted
curves lie in the experimental points. Solis (2002) also successfully predicted fatigue life of
shot peened aluminum 7150-T651.
(a) (b)
Figure 2.13 Graphs showing the N-R model results. (a) Kitagawa-Takahashi diagram com-
paring N-R model and experimental results for peened (S110 cast steel shots at an intensity
of 4 A for a 200 % coverage) and unpeened aluminum 2024-T351 (Solis et al., 2009). (b) S-N
curve comparing N-R model and experimental results on aluminum 2024-T351 (de los Rios
et al., 2000). The shot peening conditions were not specified
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CHAPTER 3 LITERATURE ANALYSIS AND OBJECTIVES
3.1 Literature analysis
The literature review revealed that:
• Long crack propagation rates in Inconel 718 can be predicted using the Paris relation.
However, the microstructurally and mechanically short crack propagation rates are
challenging to predict. Crack initiation and short crack propagation represent most of
the fatigue life of Inconel 718. A model that predicts crack propagation must account
for the microstrutural dependent behavior of short cracks.
• An optimal shot peening process can improve Inconel 718 fatigue life by displacing
the site of crack nucleation underneath the specimen’s surface. Surface compressive
residual stresses induced by shot peening mainly redistribute during the first fatigue
cycle and can become tensile, which is a drawback to fatigue life, if the applied stress
overcomes the yield strength. Residual stresses redistribution must thus be accounted
for in the crack propagation model.
• The N-R model is an analytical model able to predict short and long crack propagation
based on the physics of transgranular crack propagation. The N-R model assumes that
a crack is inherently present in the material. This model is suitable to predict short and
long crack propagation in bulk and shot peened metallic materials. Surface roughness,
residual stresses and surface cold work induced by shot peening have already been
accounted for. However, cold work and residual stresses redistribution have not been
accounted for in the N-R model and the model has never been applied to Inconel 718.
• Non metallic inclusions located at the surface can crack during the first loading cycle
or can be inherently damage during the machining process. They can be considered
has cracks inherently present in Inconel 718.
• The number of cycles for crack initiation at PSB in Inconel 718 can be predicted using
Chan’s crack initiation model. However, this model does not account for residual
stresses that would be induced by shot peening.
• Inconel 718 continuously softens when submitted to cyclic yielding. Chaboche’s consti-
tutive equations were successfully used to predict nickel-based superalloys stress-strain
curves under cyclic yielding. However, continuous softening was not accounted for and
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the physical parameters were not representative of the reality. Predicting Inconel 718
continuous softening under cyclic yielding would allow to take into account the crack’s
tip cyclic plastic zone in the N-R model.
• The effects of rolled edges on fatigue life are only summarily reported in the open
literature. The effects of edge geometries (prior to shot peening) on the formation of
rolled edges have not been studied in the open literature.
3.2 Research objectives
Based on the thesis objective outlined in the introduction and the literature analysis, the
following specific objectives have been defined:
1. Characterize and model Inconel 718 cyclic yielding behavior.
Inconel 718 cyclic yielding behavior will be studied and a model able to predict its
continuous softening behavior will be developed. Such a model would allow to predict
Inconel 718 mechanical behavior in LCF and to account for the crack’s tip cyclic plastic
zone in the N-R model.
2. Study unpeened and shot peened Inconel 718 fatigue properties in HCF and
LCF.
Surface characteristics, crack initiation mechanisms, crack propagation behavior, result-
ing fatigue life, cold work and residual stresses redistribution of bulk and shot peened
Inconel 718 submitted to HCF and LCF will be studied. Meeting this objective will al-
low to experimentally obtain the data needed for the application and the improvement
of the N-R model.
3. Calibrate, improve and validate the N-R model for bulk and shot peened
Inconel 718.
The N-R model will be encoded, calibrated and validated with the experimental results
obtained during the fulfillment of the first and the second specific objective. It will
also be improved by accounting for crack initiation and shot peening induced residual
stresses and cold work redistribution that will have been experimentally studied in the
second specific objective.
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4. Estimate rolled edges impact on fatigue life.
Different edge geometries will be shot peened and fatigue tested. The severity of the
rolled edges formed during the shot peening process as well as the resulting fatigue
lives will be experimentally studied. It will allow to draw guidelines concerning the
shot peening conditions and initial edge geometries aiming at maximizing the fatigue
life.
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CHAPTER 4 SCIENTIFIC APPROACH
The specific objectives defined in Chapter 3 were addressed through 2 published and 2
submitted journal papers. The main ideas addressed in these papers are detailed in this
Chapter.
4.1 Article 1: 1D cyclic yield model independent of load spectrum characteris-
tics and its application to Inconel 718
This article characterizes Inconel 718 behavior under fully reversed plastic deformation
cycles and presents Chaboche’s constitutive equation modified to account for the continuous
softening of Inconel 718. The analytical model developed in this paper is able to predict the
stress-strain curves of Inconel 718 submitted to cyclic yielding. This article fulfills the first
specific objective which is to characterize Inconel 718 cyclic yielding behavior.
This article was published in the journal “Mechanics of Materials”, volume 109, pages 34–
41 in June 2017. This journal “is a forum for original scientific research on the flow, fracture,
and general constitutive behavior of geophysical, geotechnical and technological materials”.
The mechanical tests were performed by Sébastien Blas. The specimens design, the
development of the model and the redaction of the article were mainly performed by the
author of the thesis.
4.2 Article 2: Surface characteristics and fatigue behavior of shot peened In-
conel 718
This paper presents the effects of shot peening on Inconel 718, and their evolution under
cyclic loading. The induced roughness, residual stresses and cold work were studied at a
macro-scale down to their influence on the microstructure, in both HCF and LCF. These
results provide the physical grounds to explain the different crack initiation locations and
the dispersion in the fatigue results. This paper addresses the second specific objective since
it characterizes the effects of shot peening on Inconel 718 and their influence on fatigue life.
Moreover, it provides most of the data required to achieved the third specific objective which
is the development of the fatigue life prediction model.
This paper was accepted for publication in the International Journal of Fatigue on January
6th, 2018. This journal publishes advanced researches in the field of fatigue.
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Residual stresses measurements and cold work determination were performed by Dorian
Delbergue. The specimens design, preparation and testing as well as the writing were mainly
performed by the author of this thesis.
4.3 Article 3: Analytical fatigue life prediction of shot peened Inconel 718
This article presents a model coupling the N-R crack propagation model and Chan’s
crack initiation model. The N-R model was modified to account for the residual stresses and
cold work redistribution. The number of cycles for subsurface crack initiation was predicted
with Chan’s model modified to account for the residual stresses redistribution. The model
was calibrated and validated with the second article’s experimental results. It successfully
predicted the fatigue life as well as the crack initiation location in bulk and shot peened
Inconel 718 submitted to HCF and LCF. This paper completes the third specific objective.
This paper was submitted to the International Journal of Fatigue on January 4th, 2018.
This journal publishes advanced researches in the field of fatigue.
The finite element model used to predict residual stresses and cold work redistribution
was developed by Hong Yan Miao. The demonstration of the CTOD simplification was
performed by Charles Bianchetti. The coupling of the modified N-R crack propagation and
Chan’s crack initiation models, the enhancement of both models as well as the redaction of
the article are most entirely the work of the author of this thesis.
4.4 Article 4: Effects of rolled edges on the fatigue life of shot peened In-
conel 718
This article presents the effects of different, unpeened and shot peened, edge geometries on
the fatigue life of Inconel 718, in LCF and HCF. The three different edge preparations studied
were: 1) polished rounded edges, 2) chamfered edges and 3) sharp edges. Crack initiation
mechanisms were analyzed for the specimens tested in HCF and the different fatigue life
results were discussed based on a statistical study of the number of cycles to failure. This
paper fulfills the fourth specific objective.
This paper was submitted to the Journal of Materials and Processing Technology on
February 13th, 2018. This journal “covers the processing techniques used in manufacturing
components from metals and other materials. The journal aims to publish full research pa-
pers of original, significant and rigorous work and so to contribute to increased production
efficiency and improved component performance”.
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The specimens design, preparation and testing as well as the article redaction are most
entirely the work of the author of this thesis.
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CHAPTER 5 ARTICLE 1 : 1D CYCLIC YIELD MODEL INDEPENDENT
OF LOAD SPECTRUM CHARACTERISTICS AND ITS APPLICATION TO
INCONEL 718
T. Klotz, S. Blas, M. Lévesque and M. Brochu, (2017).
Mechanics of Materials, 109, pp. 34–41.
5.1 Abstract
At room temperature, nickel-based superalloy Inconel 718 softens under fully reversed
plastic deformation cycles. Chaboche’s unified constitutive equations have been previously
used in the literature to predict nickel-based superalloy cyclic softening behavior. To better
fit our results, the constitutive equations were modified to account for continuous softening.
Moreover, applying the model to results gathered from two different loading spectrum indi-
cates that the isotropic evolution is solely dependent on the accumulated plastic strain and
can be applied to a variety of number of cycles and strain amplitudes combinations without
adjusting the parameters. This new information is significant and has a considerable impact
on material testing and modeling. It implies that a unique set of parameters extracted from
any fully reversed strain controlled test can characterize the material flow stress evolution
with accumulated plastic strain independently of the strain sequence, for Rε = −1. This
flexible prediction method could lead to significant experimental costs reductions.
5.2 Introduction
Inconel 718 hardens during the first cycles (Fournier and Pineau, 1977; Merrick, 1974)
when tested under room temperature low cycle fatigue (LCF) conditions at a strain ratio
Rε = −1. However, Inconel 718 continuously softens after several strain cycles since second
particles shearing occurs (Xiao et al., 2008). At half its fatigue life, its yield strength can
decrease as much as 40 % for a 1 % strain amplitude (Sudarshan Rao et al., 2012).
The flow stress evolution of a metal under cyclic plastic deformation can be predicted using
unified Chaboche’s constitutive equations (Chaboche and Rousselier, 1983) that account
for inelastic behaviors such as Bauschinger effect, ratcheting, cyclic hardening and creep
(Lemaitre et al., 2009). The elastic domain is commonly defined with the flow function f
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expressed as (Chaboche et al., 2012)
f = J(σ − χ)−R− k (5.1)
where χ is the back stress, k the initial yield strength and J is a stress space invariant function
commonly chosen as the von Mises invariant J2. In 1D, the von Mises stress space invariant
is defined as
J2(σ − χ) = |σ − χ| (5.2)
The elastic domain is classically defined as f < 0 and the plastic domain as f = 0. R
represents the isotropic hardening component (yield surface evolution) and is commonly
defined as a function of the accumulated plastic strain p as
R(p) = Q
(
1− e−qp
)
(5.3)
where Q and q represent respectively the saturation value and the hardening rate. This
relation was successfully used on stainless steel 316 (Goodall et al., 1981). The back stress
χ is defined as a sum of independent variables χi. Each one governs a different domain
of the plastic deformation. For a nickel-based superalloy, two such kinematic variables are
sufficient (Zhao et al., 2001) and can be expressed as a Armstrong and Frederick (Armstrong
and Frederick, 1966) kinematic hardening rule as
χ = χ1 + χ2
χi = ai(1− e−Ciεp) i = 1, 2
(5.4)
where a1, a2, C1 and C2 are material constants and εp is the plastic strain within a half cycle.
Zhan and Tong (2007) and Tong et al. (2004) used Chaboche’s constitutive model to pre-
dict nickel-based alloys behavior when submitted to constant Rε = 0 cyclic strain amplitude
and creep tests at 650 ◦C. They developed an algorithm based on a least square minimization
to determine a set of parameters best fitting experimentally measured behavior. However,
the validity of the fitting parameters could be questioned since the initial yield strength was
identified as 150 MPa while it was of 1000 MPa in monotonous tensile tests.
A material’s cyclic yield behavior can be characterized through three main testing proce-
dures (Hales et al., 2002). The single step test consists of performing fully reverse cyclic tests
at constant strain amplitude. The incremental step test introduced by Landgraf et al. (1969)
consists of loading blocks in which the strain amplitude is incremented every cycle to reach
a maximum and then progressively decremented to its initial value. The multiple step test,
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similar to the single step test, consists of increasing the strain amplitude after every chosen
number of cycles. Polak and Hajek (1991) proved that a single incremental test on copper
and low carbon steel can be used to approximate their cyclic stress-strain curves. This ob-
servation can lead to experimental costs reductions since one incremental tests could provide
the same information as several constant amplitude tests. To the best of our knowledge,
incremental test results have never been compared to constant strain amplitude tests results
for Inconel 718.
This study aims at demonstrating that Inconel 718 behavior, when submitted to Rε = −1
strain controlled LCF, can be fully characterized by the accumulated plastic strain indepen-
dently of the strain spectrum characteristics. The paper is organized as follows: Section 5.3
presents the studied material and the experimental procedures used to extract Inconel 718
stress-strain curves under single step and incremental tests. The experimental results are
analyzed in Section 5.4. Section 5.4 also compares the proposed model’s predictions to ex-
perimentally measured behavior while Section 5.5 concludes this work.
5.3 Material and experimental procedure
5.3.1 Material
The material studied is a nickel-based superalloy Inconel 718 that underwent a solution
and precipitation heat treatment. Its chemistry, measured by optical spectrometry, is given
in Table 5.1. The microstructure consisted of an austenitic FCC matrix strenghened by γ′
(Ni3(Ti-Al)) and γ′′ (Ni3(Ti-Al)) particles (Alexandre et al., 2004). The grain size was het-
erogeneous and mainly bi-modal with two median groups having mean diameters of 10 µm
and 30 µm. It should be noted, however, that some grains could have diameters as large as
100 µm. The presence of NbC carbides, titanium carbo-nitride (TiCN) and δ phase (Ni3Nb)
particules located along the grain boundaries can be observed in Figure 5.1. Aluminum and
magnesium oxides were often found in the TiCN particles, as can be seen in Figure 5.1. Mono-
tonic tensile properties, measured according to ASTM E8M-13a standard (ASTM Standard
E8M-13a, 2013), are presented in Table 5.2.
Table 5.1 Inconel 718 chemical composition obtained by optical spectrometry (weight %)
Elements Ni Cr Nb Mo Ti Al Co Si Mn Cu
Composition Bal. 17.93 5.23 3.24 1.19 0.60 0.30 0.07 0.06 0.05
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Figure 5.1 Micrograph showing Inconel 718 microstructure. Titanium carbo-nitride (TiCN)
and NbC carbides are present within the grains. An Al, Mg oxide can be observed inside
the TiCN particle. δ phase (Ni3Nb) is located along the grain boundaries. The grain size’s
heterogeneity is visible
Table 5.2 Inconel 718 monotonic tensile properties following ASTM E8M-13a methodology
E (GPa) ν σy0.2% (MPa) σy0.05% (MPa) σu (MPa) El (%) AR (%)
205 0.32 1253 1125 1413 24 39
5.3.2 Cyclic tests
Specimens were extracted from the longitudinal direction of a 90 mm diameter bar. Sam-
ples had a dog bone shape with a 11.4 mm square reduced cross section and a 9 mm gage
length. Specimens were designed in agreement with standards ASTM E9-09 (ASTM Standard
E09-09, 2009) and E606M-12 (ASTM Standard E606M-12, 2012). Strain controlled tests were
performed at room temperature on a MTS 318.25 equipped with a 250 kN MTS 661.22c-01
load cell with MTS 793 software and a FlexTest 60 (5.9A) controller. Tests were performed
at a strain ratio Rε = −1. The load path was triangular with a strain rate .ε = 0.1 %/s.
Displacements were measured with a 8 mm gage length MTS 632.26C-20 extensometer.
Two types of cyclic yield tests were performed: four single step tests and one incremental
test. A constant strain amplitude with a strain ratio Rε = −1 was applied during single
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step tests. An example of a single step test strain command can be seen on Figure 5.2(a).
Four samples were tested at strain amplitudes ∆εtot/2 = 0.6, 1.0, 1.6 and 2 %, respectively.
The tests were performed until a qualitative sharp drop in the maximal stress was visually
detected (see Figure 5.3(a)). The sample tested with 1 % strain amplitude was tested until
failure.
Incremental tests consisted of a strain spectrum in which the initial strain amplitude of
0.4 % was increased by 0.2 % for each cycle until reaching an amplitude of 2 %. In the second
half of the spectrum, the strain was decreased back to 0.4 % by steps of 0.2 %. This strain
spectrum, also called block, was repeated 18 times. Two such strain blocks are shown on
Figure 5.2(b).
5.4 Results and discussion
5.4.1 Softening
Figure 5.3(a) shows the maximum true stress as a function of the strain cycles. The figure
shows that Inconel 718 hardens during the first cycles and then exhibits a constant softening.
It can also be noted, as observed by Merrick (1974), that the higher the strain amplitude, the
stronger the hardening is in the first cycles. Nevertheless, as was also observed by Xiao et al.
(2005), the specimen submitted to a 0.6 % strain amplitude did not show initial hardening.
Figure 5.3(b) presents the maximum true stress as a function of the accumulated plastic
 0
Str
ain
Time
(a)
 0
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Time
(b)
Figure 5.2 Strain commands: (a) single step test, (b) incremental test (two blocks are repre-
sented)
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Figure 5.3 Maximum true stress depending on: (a) the number of cycles, (b) the accumulated
plastic strain (until 9.3 mm/mm)
strain p = ∑ | εp | in order to establish an homogeneous comparison basis for all tests. εp,
the plastic strain within a half cycle, was computed as the difference between the strain at
maximum (or minimum in compression) stress and the strain at 0.05 % yield strength in a half
cycle. The results are presented for up to 9.3 mm/mm, which correspond to the maximum
accumulated plastic strain reached during the incremental test. Figure 5.3(b) shows a similar
trend for all strain amplitudes above 0.6 %: hardening followed by rapid softening and then
by a stage of steady state (constant) softening. In the last stage, the material softens at
a rate of approximately -4.8 MPa/(mm/mm), independently of the strain amplitude. The
figure shows that, the lower the strain amplitude, the faster is the transition to the stabilized
softening behavior. Note that these comments only apply to samples tested at a strain range
higher or equal to 0.6 % since Inconel 718 does not exhibit softening at a strain range of
0.4 % (Xiao et al., 2008).
The transition between hardening, fast softening and steady state softening may be ex-
plained by an evolution of plastic deformation mechanisms. Fournier and Pineau (1977)
showed that, at room temperature and during the first cycles, the plastic strain is homoge-
neously distributed in the material causing the hardening by dislocations pileups. Persistent
slip bands (PSB) are subsequently formed after a certain level of plastic strain accumulation.
PSB are responsible for second phase particles shearing causing softening.
Figure 5.4 shows a micrograph taken in the reduced section of a failed specimen tested in
single step at 1 % strain amplitude. PSB are visible, confirming Fournier’s observations. PSB
were observed on all the samples surfaces. They are responsible for the constant softening of
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Figure 5.4 Post-test ∆εtot/2 = 1 % reduced section’s surface observation under optical micro-
scope showing the presence of persistent slip bands and short cracks. Short cracks propagated
along the persistent slip bands orientation
the material. Figure 5.4 clearly shows that the PSB have mainly an orientation of 45 ◦ with
respect to the loading direction, which is the maximum shear stress orientation. Short cracks
propagating along PSB are also present since the microgaph was taken after failure. The
propagation of short cracks is responsible for the sharp drops observed on Figure 5.3. Short
cracks initiation and propagation along slip bands are commonly observed in Inconel 718
(Maderbacher et al., 2013) and more generally in FCC metallic materials (Sangid, 2013).
5.4.2 Yield surface evolution
Figure 5.5 plots the yield surface evolution (R) as a function of the total accumulated
plastic strain (p) for every performed test. The yield surface evolution, here in 1D, is the
difference between the yield surface at a given total accumulated plastic strain and the initial
yield surface. The initial yield surface was approximated to twice the initial yield strength
(2k). Moreover, the yield surface in a cycle was taken during the tensile loading phase as
the difference between the yield strength and the minimum stress. Figure 5.5 shows that
the yield surface evolution is function of the total accumulated plastic strain irrespectively of
the performed test. This observation suggests that one test is sufficient to characterize the
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Figure 5.5 Yield surface evolution as a function of the accumulated plastic strain for different
tests. The symbols represent experimental data while the lines represent model predictions
isotropic component of Inconel 718 softening behavior.
5.4.3 The proposed model
Chaboche’s uni-axial constitutive equations (Equations (5.1) to (5.4)) were used to pre-
dict Inconel 718 stress response. Figure 5.5 shows that no stabilization was observed. Equa-
tion (5.3) is consequently not suitable to fit the yield surface evolution. A new yield surface
evolution relation was proposed as
R(p) = −γ21 + pγ1 + γ2 (5.5)
where γ1 and γ2 are fitting constants. Figure 5.5 shows Equations (5.3) and (5.5) fitted on the
incremental test results. The best fitting values for Equations (5.3) and (5.5) are presented
in Table 5.3.
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Table 5.3 Model parameters obtained for the single step tests and the incremental test
γ1
γ2
(MPa)
k
(MPa) C1
C2
a1
(MPa)
a2
(MPa)
Single step tests 0.2651 -1039.02 1157 342.73 21.99 485.39 422.60
Incremental test 0.2241 -1112.05 1157 249.24 20.44 505.46 531.05
Q
(MPa) q
Incremental test -634.18 30.71
5.4.4 Modeling procedure
All the yield strengths were taken as 0.05 % strain offset yield according to the ASTM
E8M-13a offset method (ASTM Standard E8M-13a, 2013) to ensure a consistent and stable
measurement. The first tensile loading during the incremental test was performed until up to
a strain deformation of 0.4 %. At this point, the 0.05 % offset yield strength was not reached
and k, the initial yield strength, could not be extracted from the incremental test. Therefore,
for all simulations, k was taken as the average of single step tests initial yield strengths.
Fitting parameters γ1 and γ2 (Equation (5.5)) were extracted from the curve R(p) (Fig-
ure 5.5). Back stress parameters ai and Ci (Equation (5.4)) were then calculated with a least
square approximation where the cost function was defined as:
F =
Nexp∑
i=1
1
Ndata,i
Ndata,i∑
j=1
(
σijexp − σijnum
)2
(5.6)
where Nexp is the total number of experiments (Nexp = 4 for the single step tests and Nexp = 1
for the incremental test), Ndata,i is the total number of data point of the ith experiment, σexp
and σnum are respectively the experimental stress measured and the predicted stress obtained
from Equation (5.1). Figure 5.6 shows contour plots of the cost function as a function of
ai values (Figure 5.6(a)) and Ci values (Figure 5.6(b)) for the incremental test, around the
optimal values obtained. In other words, Figure 5.6(a) was obtained when the Ci values were
fixed as their optimal values and Figure 5.6(b) was obtained for when the ai values were
fixed at their optimum values. The cost function was normalized so that it lied between
0 and 1. Figure 5.6(a) shows that the local minimum has an ellipse shape, which means
that parameters a1 and a2 are correlated and several values could lead to a local optimum.
However, Figure 5.6(b) has the shape of a circle, which means that C1 and C2 are independent
42
0.5
0.5
0.1
0.1
0.1
0.1
0.05
0.05
0.05
0.05
0.05
0.05
0.01
0.01
0.01
0.005 0.005
a1=505.46, a2=531.05
460 470 480 490 500 510 520 530
a1 (MPa)
450
500
550
600
650
a 2
(M
Pa
)
(a)
0.2
0.2
0.2
0.1
0.1
0.05
0.05
0.005
C1=249.24, C2=20.44
200 220 240 260 280 300
C1
14
16
18
20
22
24
26
C 2
(b)
Figure 5.6 Incremental test cost function contour plot as a function of (a) ai and (b) Ci
around the optimal values. Cost function F was normalized so that it lied between 0 and 1
of each other. Only one couple of values of C1 and C2 ensure to be at the local minimum.
Similar contour plots of C1 and C2 for different a1-a2 couples lying in the 0.005 ellipse of
Figure 5.6(a) revealed that the C1 and C2 optimal values were insensitive to the a1-a2 couple.
The incremental test stress response was first predicted with parameters extracted from
the single step tests experimental results. Then, single step tests were predicted with material
parameters extracted from the incremental test.
5.4.5 Model results
Figures 5.7 and 5.8 respectively show experimental and predicted stress-strain curves
results for the incremental and the single step tests. The represented incremental test results
were taken from the first half of each block.
Both predictions (Figures 5.7 and 5.8) fit the experimental data quite well, except for
the very first cycles where a stress overestimation can be observed while the specimen is in
plastic regime. This gap is likely to be due to the back stress estimation since the model’s
isotropic part (Equation (5.5)) was directly fitted on the experimental results. As discussed
in Section 5.4.1, the yielding mechanism differs from the first cycles to the steady state
softening. This suggests that the law used in Equation (5.4) is adapted to the steady state
softening part under LCF conditions. A yield strength overestimation is also observed for
all the cycles. This overestimation is due to the 0.05 % offset yield strength that was chosen
as a criterion to determine the yield strength since it delivers a value higher than the yield
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onset.
Based on parameters extracted from a complex loading data set, the model is capable
of predicting stress-strain curves from simple loading conditions (single step tests). The
stress-strain curves prediction under complex loading conditions (incremental test) was also
successfully achieved with parameters extracted from simple loading data set results. In-
conel 718 stress response under simple or complex loading conditions can be characterized,
at Rε = −1, with a different data set results coming from a test with a different Rε = −1
strain spectrum.
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Figure 5.7 Simulated stress response of the incremental test compared to the experimental
results for (a) 1st bloc, (b) 6th block, (c) 11th block, (d) 18th block. Crosses represent the
experimental results while the dash line represents the model’s prediction
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Figure 5.8 Simulated stress response of single step tests for (a) 1st cycle, (b) p = 4 mm/mm,
(c) p = 7 mm/mm, (d) last cycle: p = 9.3 mm/mm. Symbols represent the experimental
results while the dash line represents the model’s prediction
5.4.6 Limitations of the model
The model is only valid for strain amplitudes higher than 0.5 %. For lower amplitudes
Inconel 718 does not soften and the isotropic part of the model is obsolete.
The model’s predictions were only validated for Rε = −1. Other test campaigns for
different values of Rε should be carried out to further validate the model. However, it is
worth noting that Cook (1985) showed that ∆σ/2 and ∆εtot/2 are Rε independent at 566 ◦C
for 0.2 % ≤ ∆εtot/2 ≤ 0.8 % and −1 ≤ Rε ≤ 0.4 for the material studied in this work.
The author has also found that the mean stress fully relaxed when the material was tested
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at room temperature and for different Rε ratios at strain ranges higher than 1 %. These
observations suggest that Inconel 718 stress-strain behavior is Rε independent (Cook, 1982)
for strain ranges higher than 1 %.
It should also be noted that the mean stress evolution was not accounted for in the model
and thus the model is limited to Rε = −1. For other Rε values and particularly when strain
ranges are lower than 1 %, where the stress-strain behavior is not Rε independent, the mean
stress evolution has to be accounted for. The mean stress evolution could be empirically
estimated for different Rε and strain ranges values. This empirical relationship could be used
to translate the results obtained for ∆σ/2 and ∆εtot/2 along the stress axis. It would also be
of interest to investigate the possibility of establishing a common relationship for the mean
stress relaxation between incremental and single step tests for Rε 6= −1.
Chaboche’s constitutive equations were adapted and developed in 1D in this work. Iyer
and Lissenden (2003) showed that a model accounting for the second (J2) and the third
(J3) principal invariants could describe the stress space of Inconel 718 tubular specimen
submitted to bi-axial (torsional and uni-axial) tests at 650 ◦C. It was also observed that,
at room temperature and for axial-torsional loads on tubular samples, Inconel 718 had a
higher relative yield strength in compression than in tension (Iyer and Lissenden, 2000).
Moreover, the second invariant J2 alone was not sufficient to describe the inelastic flow.
A combination of the three stress invariants (I1, J2 and J3) seems to be required. Based
on the above, extending the proposed model to 3D would require introducing more than
one stress invariant in Equation (5.1). The stress invariant combinations proposed by Iyer
and Lissenden (2003) and Iyer and Lissenden (2000) could be used and compared. Finally,
Inconel 718 has a textured microstructure and if the grain size is isotropic, the mechanical
behavior of the material should be the same in every direction.
5.5 Conclusion
The study showed the dependency of Inconel 718’s softening on the accumulated plastic
strain at room temperature. All the tests were performed at Rε = −1 and at a constant strain
rate. Stress response under incremental strain controlled loading was successfully simulated
with a Chaboche’s uni-axial constitutive model whose parameters were determined from
single step tests. Single step tests stress responses were also predicted with parameters
extracted from the incremental block test. The main conclusions are as follow:
• At Rε = −1 and room temperature, Inconel 718 isotropic softening behavior is depen-
dent on the accumulated plastic strain, irrespectively of the strain spectrum.
46
• Inconel 718 cyclic stress response during constant or complex strain controlled LCF
loadings can be predicted using a data set obtained from a different fully reversed
strain spectrum.
• Yield strength determination criterion can lead to a discrepancy between the predictions
and the experimental results at the end of the elastic domain. Here, a 0.05 % strain
offset criterion for the yield strength led to an overestimation of the yield onset.
• Predictions of the very first cycles show a stress response overestimation. This might be
due to the difference in yielding mechanisms between the first cycles where hardening
is observed and the rest of the fatigue life where continuous softening occurs.
Further work could consider the effect of the strain ratio Rε and its adaptation in 3D.
Such predictions could lead to an enrichment of fatigue life models considering the crack tip’s
plastic zone yield strength evolution.
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5.7 Appendix
Computation of the isotropic parameters γ1 and γ2:
Start
Computation of the 0.05 % strain offset yield
- εmp,tension = εmmax − εmy,tension
Computation of εp for each cycle m :
strength for each cycle m in tension and
compression : σmy,tension and σmy,compression.
k = σ1y,tension
- εmp,compression = εmmin − εmy,compression
- εip = εip,tension + |εip,compression|
Computation of p for each cycle m :
- If i = 1 : pm = 0
- If i ≥ 2 : pm =∑m2 εm−1p
Computation of the parameters γ1 and γ2 by
fitting R(p) = 2k − (σmy,tension − σm−1min )
With R(p) = −γ21+pγ1 + γ2 for m ≥ 2.
End
1
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Computation of the numerical modeling stress σnum value from the experimental strain
data:
For each data point j: f j = |σjnum − χj
(
ai, Ci, ε
j
p
)
| −R(p)− k.
Initialization: σ1num = 0 and j = 1.
Start
If (εj−1 = εmax or εmin) or (j = 2) : χj−1 = 0 and f j−1 = −1 and εjp = 0
f j−1 < 0 f j−1 ≥ 0
σjnum = σ
j−1 + E(εj − εj−1)
χj = 0
End
If εjp = 0 : εy,num = εj−1
εjp = ε
j − εy,num
If εj > εj−1 : σjnum = χ
j +R(p) + k
If εj < εj−1 : σjnum = −
(
χj +R(p) + k
)
j is not the last experimental data
j = j + 1
f j ≥ 0
1
49
CHAPTER 6 LIMITATION OF THE CYCLIC YIELD MODEL
This Chapter explains why the results presented in the first article (Chapter 5) were not
used in the fatigue life prediction model.
6.1 Different microstructures and mechanical properties
The specimens used for the cyclic yield tests presented in the first article were extracted
from 90 mm diameters bars. For cost reduction purpose, the fatigue specimens that were
used for the remaining experimental work were extracted from 25 mm diameter bars. This
Chapter aims at showing the microstructural and mechanical differences between the two
batches of raw material.
6.1.1 Different microstructures
Samples extracted from the two bars were polished and chemically etched in order to
compare their microstructures. Optical micrographs presenting both microstructures are
presented in Figure 6.1. The microstructure of the 90 mm diameter bars (Figure 6.1(a)) is
characterized by a bi-modal grain size with two median groups having average diameters of
10 and 30 µm. Some grains have a grain size as large as 100 µm. On the other hand, the
25 mm diameter bars (Figure 6.1(b)) have a 13 µm grain size with grains ranging from 5 to
30 µm. Beside the difference in grain size, the materials are mainly composed of the same
phases and non metallic inclusion.
6.1.2 Different chemical compositions
Chemical compositions of both microstructures are presented in Table 6.1. Both chemical
compositions are similar except for niobium and molybdenum which are both lower in the
25 mm diameter bars. This difference in chemical composition may have an effect on the
tensile mechanical properties, as presented in Section 6.1.3.
6.1.3 Different monotonic tensile mechanical properties
Monotonic tensile properties obtained following ASTM Standard E8M-13a (2013) testing
procedure are presented in Table 6.2. For each bar, the results are the average of two
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(a) (b)
Figure 6.1 (a) 90 and (b) 25 mm diameter bars optical micrographs. The chemical etching
revealed the two different microstructure
Table 6.1 90 and 25 mm diameter bars chemical compositions (weight %). The results were
obtained by optical spectrometry
Ni Fe Cr Nb Mo Ti Al Co Si Mn Cu
90 mm Bal. 18.38 17.93 5.23 3.24 1.19 0.60 0.30 0.07 0.06 0.05
25 mm Bal. 19.53 17.84 5.04 3.07 1.16 0.64 0.35 0.06 0.16 0.06
monotonic tensile tests. The true stress as a function of the applied strain for each tensile
test are presented in Figure 6.2.
As observed in Table 6.2 and in Figure 6.2, the yield strength of the specimens extracted
from the 25 mm diameter bar is 100 MPa lower than the one of the specimens extracted
from the 90 mm bars. This yield strength difference, in spite of the smaller grain size, might
be explained by the lower amount of niobium present in the 25 mm diameter bars. Indeed,
niobium is found in the γ′′ (Ni3(Nb− Ti)) precipitates which strengthen Inconel 718.
Despite their lower yield strength, the 25 mm diameter bar specimens show higher strain
hardening rates and have a similar ultimate tensile strength than the 90 mm diameter bars
specimens. The smaller grain size of the 25 mm diameter bar specimens might be responsible
for the yielding resistance.
These differences in mechanical properties show that the parameters used in the cyclic
yield model developed in the first article must be re-calibrated in order to predict cyclic
yielding in the fatigue specimens which were extracted from the 25 mm diameter bars. It
would require a new cyclic yielding experimental campaign to define and validate a new set of
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Table 6.2 90 and 25 mm diameter bars monotonic tensile properties following ASTM E8M-13a
methodology. The results are the average of 2 tests for each type of bar
E (GPa) σy0.2% (MPa) σu (MPa) El (%) AR (%)
90 mm 205 1253 1413 24 39
25 mm 205 1156 1415 23 33
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Figure 6.2 90 and 25 mm tensile test results
parameters. The experimental campaign required to re-calibrate the cyclic yield model was
not initially planed in the doctoral project and was not performed due to budget limitation.
6.2 Strain ratio modeling
The cyclic plastic zone at the crack’s tip is located within a larger monotonic plastic zone.
The strain ratio (Rε) is thus not constant in the cyclic plastic zone. Rε evolves from 1 at the
frontier with the monotonic plastic zone to a negative value at the crack’s tip. The strain
ratio will also depend on the applied loading and the crack geometry.
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Further tests have to be performed to verify if the cyclic yield model proposed for Rε = −1
is applicable to other Rε. Moreover, since Rε is not constant in the crack’s tip plastic zone,
another model should be used to determine exactly what is the load path seen by each
location of the material encompassed by the cyclic plastic zone.
6.3 Microscopic scale
The yielding in the plastic zone at a short crack’s tip will highly depends on the mi-
crostructure since the cyclic plastic zone will have the size of one or few grains. In this
condition, the model developed in the first article should be modified to account for mi-
crostructural heterogeneity.
6.4 Conclusion
The cyclic yield model developed in the first article was not used to describe the behavior
of the cyclic plastic zone at a crack’s tip for the following reasons:
• The specimens used to calibrate the model have different microstructures and tensile
mechanical properties than the specimens that were used for the fatigue tests.
• The model was only validated for Rε = −1, which is not representative of the large
range of Rε at which the plastic zone can be submitted.
• The model was only validated at a macroscopic scale. It may have to be modified in or-
der to account for the microstructural environment (grain sizes and grain orientations).
However, the first article is an important step for future work in the understanding and
the simulation of the crack’s tip plastic zone. It inquires on the cyclic yield behavior of
Inconel 718 and gives the analytical tools to predict the cyclic stress-strain curves.
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CHAPTER 7 ARTICLE 2 : SURFACE CHARACTERISTICS AND
FATIGUE BEHAVIOR OF SHOT PEENED INCONEL 718
T. Klotz, D. Delbergue, P. Bocher, M. Lévesque and M. Brochu, (2018).
International Journal of Fatigue, 110, pp. 10–21.
7.1 Abstract
Shot peening is commonly used in the aerospace industry to improve mechanical compo-
nents fatigue life. It introduces compressive residual stresses and cold work at the surface
which tend to close short fatigue cracks and delay their propagation, respectively. However,
shot peening also creates surface irregularities that can be detrimental to fatigue. The effect
of different shot peening conditions on Inconel 718 tested in low and high cycle fatigue is
presented in this study. An analysis of the fatigue life, crack initiation mechanisms, residual
stress relaxation, process induced strain hardening and surface roughness showed that, in
high cycle fatigue, shot peening can increase Inconel 718 fatigue life from 2 to 20 times,
depending on the shot peening conditions. This observation suggests that careful selection of
peening parameters is crucial. In low cycle fatigue, the roughness resulting from shot peening
is to be considered while in high cycle fatigue, it is the presence of significant residual stresses.
7.2 Introduction
Inconel 718 is a nickel-based superalloy largely used in aerospace gas turbines components
submitted to cyclic loads. Shot peening is a cold work process consisting in impinging hard
particles at high velocity onto a ductile metallic surface. The process introduces compressive
residual stresses and work hardening on the specimen’s surface layer (de los Rios et al., 1995),
which improves its resistance to fatigue. Compressive residual stresses tend to close short
cracks while work hardening improves the material resistance to plastic deformation, which
enhances resistance to crack initiation and propagation. However, fatigue life is sensitive to
shot peening intensity since deeper dimples are created on the specimen’s surface as shot
peening intensity increases, resulting in stress concentrating features (Li et al., 1992). It
has been reported that there is an optimal shot peening intensity, for each material, that
maximizes fatigue life (Novovic et al., 2004; Wagner, 1999).
Shot peening is specified by the type of media, the Almen intensity and the surface
coverage. The Almen intensity is an indirect measure of the shot peening intensity and is
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obtained by peening a flat standardized strip, called Almen strip, firmly fixed into an Almen
holder by four bolts. Due to the presence of residual stresses, the strips progressively bend as
the process progresses. The strip’s arc height is measured throughout the process progression
and the Almen intensity (A) is defined as the arc height (1 A = 25.4 µm) when doubling the
peening time increases the arc height by 10 %. Coverage is the percentage of the shot peened
surface covered by dimples. A coverage beyond 100 % corresponds to a multiple of the shot
peening time required for reaching 98 % coverage. For example, 200 % coverage corresponds
to twice the shot peening time required to reach 98 % coverage.
Compressive residual stresses in Inconel 718 shot peened at an Almen intensity of 8 A,
with a coverage of 200 % can reach -1000 MPa and the plastic deformation responsible for
the hardness increase, commonly called cold work, can be as high as 40 % (Prevéy, 2000) on
the part’s surface. Nakamura et al. (2011) showed that shot peened Inconel 718 can endure a
strain range 1.3 times larger than polished specimens for the same 104 fatigue cycles at failure
under strain controlled axial fatigue at a strain ratio of 0. Other authors (Cammett et al.,
2005) have found that cracks initiated beneath the surface and resulted in longer fatigue
lives in shot peened Inconel 718 tested at 525 ◦C under a stress ratio of 0.1. For example, an
electropolished specimen lasted 2.7× 105 cycles for a maximum applied stress of 1240 MPa
while it was around 9.0 × 106 cycles for a specimen shot peened at 9 A with a coverage of
100 %.
Fatigue crack initiations for unpeened Inconel 718 have mainly two sources (Maderbacher
et al., 2013): 1) initiation at a carbide located at, or beneath, the surface, 2) initiation within
a large grain. Initiations from carbides are associated to carbide cracking (Ono et al., 2004)
which occurs during the first cycle (Alexandre et al., 2004) or are inherently present in the
material (Zhou et al., 2012). Initiations in large grains are explained by the early formation
of persistent slip bands. Slip bands are commonly observed in Inconel 718 following plastic
deformation when a grain is favorably oriented in the direction of the maximum shear stress
(Fournier and Pineau, 1977; Klotz et al., 2017). It has been found that, in the nickel-based
superalloy René 88DT (similar to Inconel 718), fatigue cracks were formed by localization
of cyclic plastic deformation on {111} slip planes near twin boundaries in large grains with
high Schmid factors (Miao et al., 2009). Stinville et al. (2015) showed that local strains at
favorably oriented twin boundaries can be 8 times higher than the macroscopically applied
strain. In the case of twin boundaries parallel to a slip system, the dislocations can travel
throughout the whole grain and their mobility is accentuated by the twin boundary’s length
(Miao et al., 2012; Stinville et al., 2016). Ideal shot peening conditions should prevent crack
initiations at carbides and large grains located at the specimen’s surface. To the best of
our knowledge, fatigue crack initiation mechanism and nucleation depth controlled by shot
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peening parameters commonly used in the industry is yet to be demonstrated. Making this
demonstration would be of considerable interest for companies designing Inconel 718 shot
peened parts.
In an attempt to fill this knowledge gap, this study aims to quantify the effects of sev-
eral shot peening conditions commonly used in the aerospace industry on the fatigue life of
Inconel 718 in low and high cycle fatigue (LCF and HCF) at room temperature. The paper
is organized as follows: Section 7.3 presents the studied material, the experimental fatigue
procedure, the measurements and observation methods, as well as the equipment used to
identify crack initiation features. Experimental results such as surface roughness, residual
stress relaxation and cold work redistribution are presented in Section 7.4, along with the
fatigue results and their fractographies. The results are then discussed in Section 7.5 and
Section 7.6 concludes this work.
7.3 Material and experimental procedure
7.3.1 Material
The studied nickel-based superalloy Inconel 718 underwent a solution and precipitation
heat treatment as per AMS 5663M (SAE-Aerospace, 2009) to reach an hardness of 45 HRC.
The hardness is mainly due to the formation of γ′ and γ′′ precipitates (Xiao et al., 2008).
The material’s tensile properties and chemical composition are listed in Tables 7.1 and 7.2,
respectively. The austenitic FCC matrix microstructure has a 13 µm average grain size with
grains diameters ranging from 5 to 30 µm. The grain size was estimated by manually mea-
suring the perimeter of 115 grains with ImageJ and approximated these as circles perimeters.
Figure 7.1 shows that the microstructure consists of titanium carbo-nitride (TiCN), δ phase
(Ni3Nb) and NbC carbides. The NbC carbides sizes were measured with the same procedure
as for the grain size. The NbC were ranging from 3 to 14 µm with a 9 µm average size. The
δ phase is located along the grain and twin boundaries. Aluminum and magnesium oxides
were also observed in some TiCN particles. Note that γ′ and γ′′ particles are not visible on
the optical micrograph.
7.3.2 Fatigue tests
Two types of specimens were used to perform fatigue tests: 1) 9.5 mm diameter cylindrical
samples designed in agreement with ASTM Standard E466-07 (2007) to study crack initiation
and quantify fatigue life and 2) 3.56 mm × 10.16 mm rectangular cross section samples to
study the evolution of residual stresses and cold work during interrupted fatigue tests. The
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Table 7.1 Inconel 718 average tensile properties measured on two specimens in agreement with
ASTM Standard E8M-13a (2013). E: Young’s modulus, σy0.2%: 0.2 % offset yield strength,
σu: Ultimate strength, EL.: Elongation at failure and AR.: Area reduction at failure
E (GPa) σy0.2% (MPa) σu (MPa) El. (%) AR. (%)
205 1156 1415 23 33
Table 7.2 Inconel 718 chemical composition obtained by optical spectrometry (weight %)
Elements Ni Fe Cr Nb Mo Ti Al Co Mn Si
Composition Bal. 19.53 17.84 5.02 3.07 1.16 0.64 0.35 0.16 0.06
Figure 7.1 Inconel 718 optical micrograph. Niobium carbides (NbC) and titanium carbo-
nitride (TiCN) are present at the grain boundaries and within the grains. δ phase (Ni3Nb)
can be observed along the grain boundaries. An Al-Mg oxide is present inside a TiCN particle
two geometries are presented in Figure 7.2. All specimens were extracted in the longitudinal
direction of 25.4 mm diameter forged bars.
Tests were performed at room temperature under a 20 Hz constant stress amplitude on
an MTS 318.10 hydraulic machine equipped with a 100 kN MTS 661.20e-03 load cell. A
57
stress ratio of Rσ = σminσmax = 0.1 with σmax = 1390, 1380, 1370 and 1100 MPa was used
under a sinusoidal load history. The stress level where σmax = 1100 MPa is referred herein
as HCF while the higher stress levels are referred as LCF since σmax is above the material’s
yield strength (1156 MPa). Scanning electron microscope (SEM) observations of the rupture
surfaces were performed with a JEOL JSM-7600F microscope. Energy dispersive X-ray
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Figure 7.2 (a) Cylindrical and (b) rectangular specimens used for the fatigue tests and residual
stresses relaxation measurements, respectively. (c) Micro-tensile specimen used for the X-ray
elastic constant determination and the FWHM – εp relationship. Dimensions are in mm.
The longitudinal direction is specified for the fatigue specimens
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(EDX) spectroscopy was achieved with a silicon drift detector Oxford X-Max 80 to identify
features present at crack initiation sites.
7.3.3 Surface conditions
Five different surface conditions were studied: 1) polished (down to 1 µm), 2) as machined,
3) shot peened with cast steel shots ASH 230 (S230) at an intensity of 4 A, 4) shot peened
with conditioned carbon steel cut wire shots AWCR 14 (CW14) at an intensity of 4 A and
5) shot peened with CW14 at an intensity of 8 A, as summarized in Table 7.3. For the sake
of clarity, shot peening conditions are designated in this paper by a type of media – Almen
intensity couple. For example S230 4 A means a specimen shot peened with S230 media at
an Almen intensity of 4 A.
Shot peening was performed with an air-pressured shot peening machine designed by
Canablast and Genik. Shot peening was performed in agreement with SAE AMS2430T
(2015) standard using a 6 axis M-20iA Fanuc robot and a rotating table mounted on a Fanuc
1-axis servo positioner. A 305 mm standoff distance and a 90◦ peening angle were used. The
shots mass flow was controlled by MagnaValves provided by Electronics Inc. The average
shots velocities were measured with a ShotMeter G3 from Progressive Technology and are
presented in Table 7.3. 100 % coverage was reached for the three peening conditions.
Three longitudinal surface roughness profiles were measured per sample on specimens of
each surface condition prior to fatigue testing. The roughness measurements on as machined
specimens were performed on samples that were subsequently shot peened. The profiles were
obtained using a profilometer Formtrace SV-C 3200 using a 8 mm cut-off wave length.
Table 7.3 The five surface conditions studied. The media diameter, velocity and the kinetic
energy of a single shot are also presented. The kinetic energy is calculated as 0.5×media
mass× velocity2. The density of the shots was assumed to be of 7800 kg/m3
Surface Media Intensity(A)
Diameter
(mm)
Velocity
(m/s)
Kinetic
energy (J)
1 Polished - - - - -
2 As machined - - - - -
3 Shot peened S230 4 0.59 12 6.0× 10−5
4 Shot peened CW14 4 0.36 34 2.2× 10−4
5 Shot peened CW14 8 0.36 76 1.1× 10−3
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Micro-hardness measurements were performed on a Akashi MVK-H0 microdurometer at
300 gf with a Vickers indenter, in agreement with ASTM Standard E384-11 (2011).
7.3.4 Residual stresses measurements
In-depth residual stress profiles were measured using X-ray diffraction (XRD). XRD mea-
surements were performed on the {311} family of planes using the Kβ lines on a Pulstec
µ-X360n apparatus equipped with a Cr-tube. Diffraction peaks were fit by the Lorentzian
method (Noyan and Cohen, 2013). The cos α method (Sasaki et al., 1997) was used to
calculate the stresses. The X-ray elastic constant was previously determined for the {311}
family of planes using a specimen, similar to that presented in Figure 7.2(c), having the same
microstructure as the fatigue specimens and a Kammrath & Weiss GmbH micro-tensile ma-
chine, as described in the work of Delbergue et al. (2017). The parameters used for all residual
stress measurements are summarized in Table 7.4. Thin layers of material were removed by
electropolishing with a perchloric acid-based solution to extract a subsurface residual stress
profile. The thickness of each removed layer was measured using an Olympus LEXT OLS4100
confocal microscope and a Mitutoyo SJ-400 profilometer. The Moore and Evans correction
(Moore and Evans, 1958) was applied to correct stress redistribution caused by the layer-by-
layer removal process, as the sample and electropolished pocket geometry agreed with the
correction hypothesis. On average, the errors calculated for XRD measurements are roughly
80 MPa. The error is largely due to a combination of the K line used, the sample surface
roughness and the inherent uncertainty associated to the layer removal method. Only the
residual stress component parallel to the longitudinal direction (specified in Figures 7.2(a)
and (b)) was measured as it is the direction in which most of the stress relaxation occurs in
axial fatigue.
CW14 8 A rectangular specimens (Figure 7.2(b)) were used to measure the residual stress
relaxation and/or redistribution that occurred during the cyclic loading. The same XRD
settings, electrolytic solution and corrections as those used for the cylindrical specimens,
were used.
7.3.5 Cold work measurement calibration
The XRD technique was also used to measure the extent of cold work caused by shot peen-
ing through diffraction peak broadening since this parameter is proportional to the dislocation
dentsity (Warren, 1969). Prevéy (1987) has shown that the peak broadening is independent
of the plastic deformation path and can be used as an independent measurement of the local
strain in Inconel 718. Calibration was performed using an interrupted tensile test with the
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Table 7.4 X-ray diffraction parameters used for residual stress measurements
Detector Tube target Aperture size Diffraction plane
2D Cr (λres = 2.085 Å) 1 mm {311}
Bragg angle (2θ) XEC (12S2) Nb of inclination Exposure time
148.2◦ 7.41× 10−6 MPa−1 1 90 s
Kammrath & Weiss GmbH micro-tensile machine paired up with the Pulstec µ-X360n ap-
paratus used for residual stress measurements. A flat micro-tensile specimen, obtained from
the same stock as the fatigue samples and whose geometry is presented in Figure 7.2(c), was
prepared by grinding. A final layer of 10 µm was removed by electro-polishing to eliminate
potential plastic deformation introduced by grinding. XRD measurements were performed
up to 19 % of true strain, as the striction took place for higher strain values. The diffraction
peaks were recorded and fit using the Lorentzian method (Noyan and Cohen, 2013) to extract
peak width at half of the diffraction maximum intensity (Full Width at Half the Maximum
(FWHM)). X-ray measurements were repeated 3 times.
7.4 Results
7.4.1 Surface characteristics prior to fatigue tests
Surface roughness
Surface roughness measurements and SEM observations of specimens surfaces are pre-
sented in Table 7.5 and Figure 7.3, respectively. The roughness parameters presented are
the maximum peak to valley distance (Rt) and the mean width of roughness profile features
(RSm) since the stress concentration induced by the dimples on a specimen’s surface depends
on their depth and width (Li et al., 1992).
The average Rt of the as machined samples is 7.15 µm. As can be observed from Fig-
ure 7.3(b), the dimples created by the S230 media at an intensity of 4 A only partially erased
the machining marks created by the turning process and slightly increased Rt to 8.65 µm.
CW14 shot peening condition at the same intensity increased the Rt value up to 11.90 µm
and the SEM observation (Figure 7.3(c)) still shows the presence of remaining machining
marks. The surface appears to be more deformed than that obtained from the S230 4 A
condition, which is consistent with the higher Rt measurements. The machining marks were
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Table 7.5 Surface roughness prior to test for the studied surface conditions. Three longitudinal
measurements were performed per sample
As machined S230 4 A CW14 4 A CW14 8 A
Nb of samples 15 6 6 6
Rt (µm) average
(standard deviation) 7.15 (3.27) 8.65 (3.34) 11.90 (1.13) 25.38 (3.34)
RSm (µm) average
(standard deviation) 246 (15) 362 (66) 328 (17) 405 (34)
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Figure 7.3 SEM picture of (a) as machined, (b) S230 4 A, (c) CW14 4 A, (d) CW14 8 A
samples surface prior to fatigue testing. Machining marks are still present after S230 4 A
and CW14 4 A shot peening
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totally erased when peening with CW14 at an intensity of 8 A, as seen in Figure 7.3(d).
Moreover, the surface’s deformation appears to be more significant for this condition than
for the others.
These results are consistent with the shot peening media size and the level of kinetic
energies calculated in Table 7.3. In particular, S230 shot peening media is smaller and has
less kinetic energy than the CW14 media for the same 4 A peening intensity. This situation
results in smaller penetration for the S230 shot peening media, when compared to that of
the CW14 media, and a lower average Rt is obtained.
All peening conditions increased the RSm. Peening with CW14 at an intensity of 8 A
led to the highest RSm, in accordance with its higher shots kinetic energy.
Cross sections observations
Cross sections of as machined, S230 4 A, CW14 4 A and CW14 8 A samples were polished
and etched to observe the effect of shot peening on the surface and subsurface microstructure.
The micrographs are presented in Figure 7.4. Damaged NbC carbides were observed on
the as machined specimen surfaces, as shown in Figure 7.4(a) inset. This observation is
consistent with the works of Zhou et al. (2012) that showed that machining can damage
surface carbides. No evidence of plastic deformation was observed on the as machined cross
section (Figure 7.4(a)).
S230 4 A and CW14 8 A specimens present persistent slip bands in the first 10 and
25 µm below the surface (Figures 7.4(b) and (d)), respectively. Continuous bands of highly
deformed material are visible at the surface of CW14 4 and 8 A specimens, as pointed out by
the arrows in Figures 7.4(c) and (d). The qualitative amount of plastic deformation visually
observed is consistent with the shots kinetic energy (Table 7.3): higher kinetic energy resulted
in more plastic deformation.
Micro-hardness profiles were performed on the cross sections of shot peened specimens.
The micro-harness profiles are presented in Figure 7.5. The base material had an hardness of
472 HV. Figure 7.5 shows that hardening is clearly observable for the CW14 8 A shot peening
condition for which the hardness reached the maximum value of 524 HV at the surface and
decreased until reaching the base material’s hardness at a depth of roughly 125 µm. No
evidence of hardening was detected near the surface for the S230 4 A and CW14 4 A shot
peening conditions. It might be due to the fact that the measurements could not be performed
sufficiently close to the shot peened surface.
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Figure 7.4 Pre-testing cross section optical micrographs of samples in the (a) as machined,
(b) S230 4 A, (c) CW14 4 A and (d) CW14 8 A conditions. An optical micrograph of a
damaged surface carbide taken on a non etched cross section of another as machined specimen
is encapsulated in (a) to show that surface NbC carbides damaged by the machining process
were found. Encapsulated zoom on persistent slip bands and deformed bands are also present
in (b), (c) and (d)
Residual stress and cold work profiles
FWHM versus the plastic strain obtained on the micro-tensile specimen is plotted in
Figure 7.6. As proposed in the work of Prevéy (1987), the relationship between FWHM and
the plastic strain, εp, was approximated as
FWHM = P1
[
1− e−P2εp
]
+ P3εp + P4 (7.1)
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Figure 7.5 After shot peening micro-hardness profiles. The 472 HV base material hardness
is also represented
where P1, P2, P3 and P4 are fitting constants determined by a least square regression. Ta-
ble 7.6 lists the best fitting values, whose plot is also shown in Figure 7.6. The figure reveals
that an excellent agreement was found and we believe that FWHM values for plastic strains
above 20 % can be extrapolated from Equation (7.1). The depth of the cold work profile is
defined herein as the depth at which the cold work value becomes lower than 0.2 %.
The residual stress and cold work profiles prior to fatigue testing are presented in Fig-
ure 7.7. Table 7.7 lists key residual stress measurements for comparison purposes.
The polished sample exhibited a compressive surface residual stress of -119 MPa decreas-
ing to -40 MPa at 10 µm below the surface. The maximum compressive residual stress for
the as machined specimen was -468 MPa at the surface and after the depth of 38 µm, the
residual stresses are tensile staying in the range of ±50 MPa.
The residual stresses profiles shapes for the shot peened specimens are similar to those
commonly found in the literature. Surface residual stresses (σsurf) and maximum compressive
stresses depth (dσcomp,max) are not significantly affected by the shot peening intensity, nor by
the type of media for the studied conditions. CW14 4 and 8 A shot peening led to comparable
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Figure 7.6 FWHM as a function of the plastic strain and its approximation by Equation (7.1).
A schematic of the FWHM determination is encapsulated
Table 7.6 Fitting constants obtained for Equation (7.1)
P1 P2 P3 P4
0.9622 0.4808 0.0410 2.65
maximum compressive residual stresses (σcomp,max), while peening with S230 4 A condition
resulted in a lower value. The saturation value of maximum compressive residual stress is
-1020 MPa, which corresponds to 88 % of σy0.2%. Similar values were found by Gao et al.
(2002) on shot peened 4340 steel samples with a saturation value of roughly 86 % of σy0.2%.
The depth at which the residual stresses becomes tensile (dσcomp=0) is the same for the two
4 A conditions (' 120 µm) and is deeper for the CW14 8 A specimen (210 µm). The CW14
8 A specimen exhibits a tensile residual residual stress peak of 157 MPa at a distance of
230 µm below the surface.
Figure 7.7(b) presents the in-depth cold work distribution. The polished specimen shows
almost no cold work (0.72 % at the surface). The as machined specimen exhibits 5% of cold
work at its surface and is free of cold work at a depth of 32 µm. The S230 4 A sample
exhibits 36 % of cold work at the surface while this value increases to 51 % and 57 % when
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Figure 7.7 Samples in-depth (a) residual stresses and (b) cold work profiles prior to test.
Lines are displayed to ease the analysis but are not representative of physical phenomenon
Table 7.7 Summary of the results presented in Figure 7.7. σsurf: Residual stress at the
surface. σcomp,max: maximum compressive residual stress. dσcomp,max : depth of the maximum
compressive residual stress. dσcomp=0 : depth at which the residual stresses become tensile
Polished Asmachined S230 4 A CW14 4 A CW14 8 A
Residual stress profiles
σsurf (MPa) -119 -468 -859 -936 -868
σcomp,max (MPa) -119 -468 -885 -1020 -1019
dσcomp,max (µm) 0 0 19 19 14
dσcomp=0 (µm) - 38 123 117 210
Cold work profiles
εp (%) 0.72 5 36 51 56
Profile depth (µm) 11 32 123 123 195
peening with CW14 4 A and 8 A, respectively. The shot peened specimens cold work profiles
end (εp < 0.2 %) at a depth of 123 µm for S230 and CW14 4 A samples while this value is
increased to 195 µm for the CW14 8 A specimen.
The surface cold work is consistent with the shots kinetic energy: The higher the shots
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kinetic energy, the higher the surface cold work. The cold work profiles depths appear to be
similar to the depth of the compressive residual stresses.
Note that no comparison between the hardness profiles presented in Figure 7.5 and the
cold work profiles presented in Figure 7.7(b) can be clearly made.
7.4.2 Fatigue results
LCF results
The stress strain curve of the 100 first loading cycles of a cylindrical specimen tested in
LCF are presented in Figure 7.8. The material exhibited nearly elastic behavior after 50
cycles since the hysteresis loops have a maximum width of roughly 2 × 10−4 mm/mm for a
maximum strain of 0.123 mm/mm.
Fatigue results are presented in Figure 7.9. The fatigue results of the surface condition
and stress level tested more than 3 times were fitted to a Weibull distribution. The average
fatigue lives, the number of cycles leading to a failure probability of 50 % and the Weibull
distributions shape and scale parameters are presented in Table 7.8. The lower bounds of
the 95 % confidence interval for a failure probability of 50 % are also provided in Table 7.8 to
inquire on the reliability of the Weibull distribution predictions. The 95 % confidence intervals
were computed with a χ2 test on the logarithm of the likelihood function (Bianchetti et al.,
2017; Abramovich and Ritov, 2013). The linearizations of the Weibull laws are presented
in Figures 7.10(a) and (b). Typical rupture surfaces and SEM observations of the crack
initiation sites are presented in Figures 7.11 and 7.12, respectively.
The fatigue lives obtained at σmax = 1380 and 1390 MPa for the polished and as machined
specimens, and at σmax = 1370 MPa for the shot peened specimens are shown in Figure 7.9(a).
The polished specimens present the longest average fatigue life (' 2 × 104 cycles) followed
by 4 A shot peening conditions (1.59 × 104 and 1.57 × 104 cycles for S230 and CW14,
respectively), as machined (' 1.30×104 cycles) and CW14 8 A (1.24×104 cycles). The shot
peened specimens average fatigue lives are consistent with the specimens roughness presented
in Table 7.5: The rougher the surface, the lower the fatigue life.
It was not possible to draw statistical conclusion from polished and as machined spec-
imens since too few specimens were tested. However, the number of available data points
enabled predicting the number of cycles for a 50 % probability of failure (median life) for
the shot peened specimens with a Weibull distribution and acceptable regressions were found
(Figure 7.10). The median lives follow the same trend as the average fatigue lives and pro-
vide, with the lower bounds of the 95 % confidence intervals, an assessment of fatigue life
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Figure 7.8 Deformation versus stress for a sample tested at σmax = 1370 MPa: (a) from the
1st to the 100th cycle and (b) the 50th and the 100th cycles. Plastic deformations in the form
of 2 × 10−4 mm/mm width hysteresis loops are observed during the loading and unloading
phases after 50 cycles
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Figure 7.9 SN curve results: (a) Fatigue results under LCF conditions, (b) Fatigue results
under HCF conditions. Note that the surface conditions have been disposed one upon another
for the sake of clarity and to allow for a better comparison. Each horizontal grey/white band
represents one surface condition tested at the σmax specified on the vertical axis
dispersion. The closer is the lower bound of the 95 % interval to the median life, the lower is
the dispersion. All the shot peening parameters are robust in LCF since all the 95 % confi-
dence interval lower bounds of the 50 % probability of failure are very close to the computed
median fatigue life, with a difference of less than 2 % for each case.
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All specimens tested in LCF presented similar rupture surfaces. A typical example is
presented in Figure 7.11(a). The figure shows the main crack initiation zone containing
ratchet marks, sign of several nucleation sites as pointed out by the arrows.
Table 7.9 summarizes the SEM observations and the corresponding fatigue lives. The
fracture surfaces of one polished and one as machined specimens were observed after LCF
testing. The shot peened specimen that had the longest fatigue life (1.86 × 104 cycles) and
that having the shortest fatigue life (1.14× 104) were also observed. All rupture surfaces ob-
served under SEM show that cracks initiated either at a surface NbC carbide (Figure 7.12(a))
or at a stress concentration caused by surface irregularities such as machining marks (Fig-
ure 7.12(b)).
Table 7.8 Weibull statistical description of the fatigue tests results. Nb: number of speci-
mens. Av. Nf : average fatigue life. Fatigue tests conditions for which the number of tested
specimens was inferior to 3 were not considered. The shape (βw) and scale (λw) parameters
were determined with the linearization of the Weibull laws presented in Figure 7.10. The
number of cycles for 50 % probability (prob.) of failure following the Weibull law are pro-
vided. The lower bounds (LB) of 95 % confidence (conf.) interval for 50 % probability of
failure are also listed
Surface
condition Nb
Av. Nf
(cycles)
Scale
parameter
λw
Shape
parameter
βw
50 % prob.
failure
(cycles)
50 % LB
95 % conf.
(cycles)
LCF: σmax = 1370 MPa
S230 4 A 10 1.65× 104 1.72× 104 16.2 1.68× 104 1.66× 104
CW14 4 A 10 1.57× 104 1.61× 104 18.2 1.58× 104 1.56× 104
CW14 8 A 10 1.24× 104 1.27× 104 25.8 1.25× 104 1.23× 104
HCF: σmax = 1100 MPa
Polished 4 9.91× 104 1.00× 105 39.4 9.94× 104 9.82× 104
As
machined 4 8.56× 10
4 9.29× 104 5.0 8.64× 104 7.68× 104
S230 4 A 7 2.02× 106 2.06× 106 20.9 2.03× 106 1.99× 106
CW14 4 A 9 2.09× 106 2.14× 106 22.5 2.10× 106 2.08× 106
CW14 8 A 9 4.45× 105 5.01× 105 3.0 4.43× 105 4.03× 105
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Figure 7.10 Linearization of the Weibull law in (a) LCF and (b) HCF. The median ranks
were estimated with the Bernard’s approximation: F (N) = (n◦−0.3)/(nb+0.4). n◦: number
of the specimen. nb: total number of specimens for one condition
Table 7.9 Summary of the initiation features observed under scanning electron microscope.
NbC: initiation at a niobium carbide. Surf. conc.: initiation due to stress concentration
along a surface defect (machining mark or shot peening dimple). Center: initiation in the
center of the specimen. Subsurf.: initiation at roughly 210 µm underneath the surface. The
fatigue lives (Nf ) of the observed specimens are also presented
Polished Asmachined S230 4 A CW14 4 A CW14 8 A
LCF: σmax ≥ 1370 MPa
Initiation
Nf (cycles)
NbC
2.24× 104
Surf. conc.
1.38× 104
NbC
1.86× 104 -
Surf. conc.
1.14× 104
HCF: σmax = 1100 MPa
Initiation
Nf (cycles)
NbC
1.02× 105
NbC
1.01× 105
Center
1.84× 106
Center
2.19× 106
Subsurf.
6.17× 105
Initiation
Nf (cycles)
NbC
9.65× 104
Surf. conc.
6.43× 104 - -
Subsurf.
2.6× 105
HCF results
HCF (σmax = 1100 MPa) fatigue testing results are shown in Figure 7.9(b). When
compared to as machined specimens average fatigue life (8.56 × 104 cycles), the average
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fatigue life was increased by a factor of 4.5 for the CW14 8 A specimens (4.45× 105 cycles)
and by up to 20 for the S230 and CW14 4 A shot peening conditions (2.02 and 2.09 × 106
cycles, respectively).
The median fatigue lives follow the same trend as those for the average fatigue lives. De-
spite the fact that only 4 specimens were tested under the polished conditions, the dispersion
in the results is very low since the lower bound of the 95 % confidence interval on the median
life is only 1.2 % lower than the predicted median life. The as machined conditions shows
a large dispersion in the results (Figure 7.9(a)) and the lower bound of the 95 % confidence
1 mm
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fatigue & ductile fracture 
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propagation
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Figure 7.11 Rupture surfaces: (a) All surfaces conditions at σmax ≥ 1370 MPa (here a CW14
4 A specimen), (b) Polished and as machined samples at σmax = 1100 MPa, (c) Shot peened
CW14 4 A and S230 4 A at σmax = 1100 MPa, (d) Shot peened CW14 8 A at σmax = 1100
MPa
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interval is 11 % lower than the median life. S230 and CW14 4 A fatigue lives are highly
predictable in HCF since the lower bounds of the 95 % confidence interval of the median
lives are less than 2 % lower than the computed median life. On the other hand, the lower
bound of the 95 % confidence interval of the CW14 8 A median life is 9 % lower than the
computed median life, corresponding to a wider dispersion in the results for this loading
condition. S230 and CW14 4 A are thus the most robust shot peening conditions and those
10 μm
NbC
Polished specimen surface
(a)
10 μm
As machined specimen surface
Initiations band along a machining mark
Disbonding along a machining mark
100 μm
(b)
10 μm
Initiation in above average size grains 
( ~ 30 μm)
(c)
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~210 μm 
Initiation in an above average size grain
(~ 30 µm)
Shot peened specimen surface 
(d)
Figure 7.12 Various initiations observed under scanning electron microscope: (a) Initiation
at a niobium carbide located at a polished specimen surface tested in HCF, the carbide EDX
spectrum is inset, (b) Multiple initiations along a surface stress concentration feature on a
machining mark. A machining mark disbonding can also be observed in this as machined
sample tested in LCF, (c) Crack initiation at an above average size grain in the center of the
center of a S230 4 A specimen tested in HCF, (d) Crack initiation in an above average size
grain 210 µm underneath the surface in a CW14 8 A specimen tested in HCF
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resulting in the longest fatigue lives in HCF.
Table 7.9 summarizes the SEM observations. For each surface condition, the specimens
that had the longest and the shortest fatigue life were observed. S230 and CW14 4 A were
not studied separately because their rupture surfaces and fatigue lives were similar. The
experimental data resulting from these two peening conditions were pooled.
In HCF, polished and as machined rupture surfaces were characterized by one or two
distinct surface crack initiation sites, as shown in Figure 7.11(b). Table 7.9 shows that all
the crack initiations observed under SEM occurred at a surface NbC carbide for polished
specimens, as illustrasted in Figure 7.12(a). The observed crack initiations for the as ma-
chined specimens were either located at a surface carbide or at a machining mark, as shown
in Figure 7.12(b).
All the S230 and CW14 4 A specimens tested in HCF show crack initiations located at
depth above 2 mm, as illustrated in Figure 7.11(c). SEM observations made on two specimens
show that crack initiation occurred in a larger than average (' 30µm) grain, as illustrated
in Figure 7.12(c). All CW14 8 A specimens show crack initiations just beneath the surface,
as shown in Figure 7.11(d). For this shot peening condition, the crack initiation occurred in
a larger than average (' 30 µm) grain at a depth of roughly 210 µm (Figure 7.12(d)) for the
two specimen observed. This depth corresponds to the depth of the tensile residual stresses
peak observed in Figure 7.7.
7.4.3 Residual stresses redistribution for CW14 8 A
Residual stress and cold work redistribution were measured in LCF (σmax = 1370 MPa)
and HCF (σmax = 1100 MPa) on rectangular cross section specimens shot peened with CW14
8 A only. XRD measurements were performed before and after the first loading cycle, as well
as at 80 % of the fatigue life previously determined for both fatigue conditions on cylindrical
specimens. Each stress profile was obtained from a different specimen. Residual stress and
cold work profiles are presented in Figures 7.13(a) and (b), respectively.
The initial profiles of residual stress are similar for both the rectangular and cylindrical
samples. However, Figure 7.13(a) shows higher tensile residual stresses in the rectangular
specimen (100 MPa instead of 40 MPa). This is mainly attributable to the difference in
thickness between the two geometries and the smaller volume available to balance the com-
pressive residual stresses. Indeed, the surface compressive residual stresses are balanced by
nearly constant tensile residual stresses in the core material (Menig et al., 2001) and thus the
thicker the specimen, the lower the tensile residual stresses. The value of the tensile residual
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Figure 7.13 (a) Residual stress and (b) cold work relaxation profiles for the CW14 8 A
condition. Measurements were realized before testing, after the first cycle and at 80 % of
the fatigue life (Nf ). Lines are displayed for ease of the analysis but are not representative
of physical phenomenon. Recall that the calculated average errors on XRD measurements is
80 MPa
stress peak is also higher (300 MPa instead of 157 MPa) but located at the same depth as
that of the cylindrical specimen. On the other hand, the surface pre-testing cold work value
of the flat specimen for CW14 8 A (45 %) is lower than that of the cylindrical samples (57 %).
As observed in Figure 7.13(a), most of the stress profiles evolution occurred in the first
loading cycle as the difference between stresses characterizing the first cycle and 80 % of the
fatigue life is in the range of the measurement errors (≈ 80 MPa).
In LCF, due to the high level of applied stress, the compressive residual stresses become
tensile at the surface (similar results were already reported in the literature (Kirk, 1987). The
bulk of the material is plastically deformed. As surface layers have already been hardened by
shot peening and are under a bi-axial residual compressive state, they are unlikely to undergo
plastic deformation. The bulk material, which undergoes yielding during the first cycle, is
permanently deformed and maintains the surface layers in tension when the axial stress is
removed. This results in the formation of tensile residual stresses at the surface.
In HCF, after the first loading cycle, the compressive portions of the profile becomes less
compressive. The maximum compressive stress value, which is initially at -1044 MPa, relaxes
to -767 MPa after the first cycle and -728 MPa at 80 % of the fatigue life, which corresponds
to a 27 and 30 % relaxation, respectively. The tensile residual stress peak vanishes after the
first cycles, which suggests that local yielding occurs, leading to the relaxation of the residual
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stresses. The residual stresses profile depth (150 µm) remains unaltered.
The associated cold work profiles, which are presented in Figure 7.13(b), remain stable
during HCF. However, in LCF, the overall profile increases confirming that plasticity occurs
during the first loading cycle throughout the material.
7.5 Discussion
LCF and HCF results are discussed separately to better emphasize the specific effect of
shot peening on fatigue life and crack initiation mechanisms.
7.5.1 LCF
Three distinctive surface characteristics could influence the LCF of the shot peened spec-
imens: roughness, residual stresses and cold work. In order to qualitatively determine the in-
fluence of the surface roughness, Figure 7.14(a) presents the fatigue life, at σmax = 1370 MPa,
for 14 shot peened samples plotted against the measured roughness parameters Rt. A corre-
lation between the surface roughness and the fatigue life can be made: The higher the Rt,
the lower the fatigue life. In this case, all crack initiated at the surface since no compressive
residual stress could compensate the roughness induced stress concentration. Recall that
the surface layer’s residual stresses become tensile after the first cycle. Shot peening has a
detrimental effect for the LCF conditions tested in this study.
Despite the surface tensile residual stresses and the increase in roughness resulting from
shot peening, the average fatigue life of the shot peened specimens is not drastically lower
than for the unpeened specimens. Apparently, the surface cold work can counterbalance
the negative effects of roughness and tensile residual stresses by increasing the resistance to
plastic deformation. Work hardening can delay crack nucleation on one hand, and on the
other hand, the crack tip’s plastic zone will be reduced resulting in lower short crack growth
rate (de los Rios et al., 1995; Miller, 1993). Figure 7.14(b) represents the fatigue life of the
same 14 shot peened specimens against the surface cold work value. The figure shows that
the cold work surface value did not improve the number of cycles to failure.
7.5.2 HCF
In HCF, only the compressive residual stresses under -700 MPa have relaxed somehow
during the first cycle. The compressive residual stress profile introduced by shot peening
remains effective so that for all shot peened specimens, crack initiation occurred underneath
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Figure 7.14 Shot peened samples fatigue lives at σmax = 1370 MPa versus (a) the surface
roughness parameters Rt and (b) the surface cold work value. A correlation between Rt and
the fatigue life under LCF condition can be observed: the lower the roughness, the better
the fatigue life. A relation between the fatigue life and the surface cold work value cannot
be clearly drawn
the surface. The predominant parameters for the site of crack nucleation are the size of grains
and the position of an eventual tensile peak in the residual stress profile as introduced by shot
peening, even if it seems to disappear after the first loading. Recall that the uncertainty on
our residual stresses measurements was of ±80 MPa and that a tensile region must be present
to balance the compressive residual stresses. Surface cold work and compressive residual
stresses, which are the two benificial effects of shot peening, push the site of crack initiation
underneath the surface, counterbalancing the detrimental effect of surface roughness.
In the case of S230 and CW14 4 A shot peening conditions, cracks initiated deep inside
the material, in a large grain. Cracks initiated at depth above 2 mm where the residual
stresses are negligible. The fatigue life dispersion of these samples is very low as the initial
cracks are arising from a large volume of potential sites. The small scatter in the results
suggests robust manufacturing parameters. Moreover, the average fatigue life is improved
by a factor of 20, when compared to the polished specimens. With such improvement, 4 A
shot peening conditions (S230 or CW14) illustrate the full potential of the material since the
initiation occurred in a microstructural weakness regardless of surface defects (roughness,
NbC carbides) and tensile residual stresses. The microstructural weakness becomes an above
the average size grain and most likely a grain with twin boundaries, as suggested by Stinville
et al. (2015). The local high strains are due to the resistance in slip transmission from a
border of the twin boundary to the other one, resulting in slip bands parallel to the twin
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boundary where crack will nucleate preferentially. The size of the grain is controlling the free
distance of the dislocations and thus larger grains will also promote early crack nucleation.
Miao et al. (2012) reported, in René 88DT, that initiation along twin boundary appeared
in grains 3 times larger than average, as in this study. Stinville et al. (2016), as well as
Miao et al. (2009), demonstrated that a large grain having a high Schmid factor and a twin
boundary aligned with the slip systems are the criteria for crack initiations in plain materials.
The compressive residual stresses at the surface and beneath it for the CW14 8 A peening
condition improved the fatigue life average by a factor of 4.5, when compared to polished
specimens. When compared to the 4 A peening conditions, the samples seem to be “over
peened” as the full potential of the process is not reached. As in the previous cases, crack
initiations systematically occurred in a grain significantly larger than the average grain size.
These crack initiations were found in a narrow region at roughly 210 µm below the surface.
This position, 210 µm below the surface, corresponds to the tensile residual stress peak after
peening. However, the tensile residual stress peak seems to disappear after the first cycle
due to local yielding. This local yielding will lead to high strains along favorably oriented
coherent twin boundaries in large grains (Stinville et al., 2015) and thus will accelerate the
accumulation of dislocations leading to early crack nucleation, when compared to randomly
oriented grains. At this 210 µm depth, a relatively small number of grains are potential
nucleation sites when compared to the S230 4 A and CW14 A conditions for which crack
initiation occured at depths higher than 2 mm. This situation results in a wider results
dispersion for the CW14 8A condition. Shot peening parameters should thus be chosen in
order to avoid a subsurface tensile residual stress peak after peening.
7.6 Conclusions
Force controlled fatigue tests at Rσ = 0.1 were performed in HCF and LCF on polished,
as machined, S230 4 A, CW14 4 and 8 A shot peened Inconel 718 samples. The initial
surface roughness, surface microstructure alteration, initial and redistributed residual stresses
profiles, cold work profiles and rupture surfaces were presented and analyzed. The analysis
of the results led to 3 important conclusions:
1. Shot peening effects on fatigue life are different in LCF and HCF. In LCF, roughness
seems to be the dominant parameter that controls fatigue life improvement while the
presence of significant residual stresses is the controlling factor in HCF.
2. In LCF, residual stresses redistribute during the first loading cycle to become tensile
and are detrimental to the fatigue life. Under this condition, a negative relation between
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surface roughness and the logarithm of the fatigue life was shown. These two drawbacks
are potentially counterbalanced by the surface cold work introduced by shot peening
as the tensile residual stresses do not significantly reduce the fatigue life.
3. In HCF, all nucleation sites were located in subsurface grains three times larger than
the average grain size. CW14 8 A shot peening led to an improvement of the average
fatigue life by a factor of 4.5, but with a large scatter, and crack initiated systematically
at the depth corresponding to the presence of the tensile peak in the residual stress
profile after shot peening. Even if the tensile residual stress peak seemed to disappear
from the first cycle due to local yielding, the accumulation of strain (dislocations) in
the larger grains, in the yield region, seems to promote early crack initiation. S230 and
CW14 4 A are optimal and robust shot peening parameters since no tensile residual
stress peak is present in the surface layer and the fatigue lives were improved by a factor
of 20 with low dispersion. Crack initiated in the material at microstructural weakness
(large grains), regardless of the surface defects and residual stresses profile.
All in all, a too high shot peening intensity (8 A in this work) resulted in deeper compres-
sive residual stress profiles but the resulting increased surface roughness and the presence of
a tensile peak in the residual stress profile were found to be drawbacks in LCF and HCF,
respectively. Larger media (S230 instead of CW14) and lower intensity (4 A instead of 8 A)
will thus be preferred for the studied material in the range of the tested cases.
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8.1 Abstract
High and low cycle fatigue tests performed on shot peened Inconel 718 can result in
different crack initiation locations and mechanisms as well as in a wide range of fatigue
lives depending on shot peening parameters. A model coupling Navarro and de los Rios
crack propagation with Chan’s crack initiation models was developed and successfully used
to predict crack initiation location and fatigue life of shot peened and unpeened Inconel 718
specimens tested in high and low cycle fatigue at room temperature. Redistributed residual
stresses and cold work profiles were added in the propagation model while the crack initiation
model was modified to account for the residual stresses. Such a model could lead to significant
experimental cost reduction by avoiding the trial and error process required to define optimal
shot peening parameters.
8.2 Introduction
Inconel 718 is a nickel-based superalloy commonly used in jet engines. Klotz et al. (2018a)
observed that Inconel 718 room temperature high cycle fatigue (HCF) life can be improved
by a factor of 20 when shot peened under optimal conditions. Depending on shot peening
parameters, fatigue cracks can nucleate 210 µm beneath the surface, or deeper than 2 mm into
the material, which leads to different fatigue lives. In low cycle fatigue (LCF), the relaxation
of shot peening induced residual stresses can lead to tensile surface residual stresses (Klotz
et al., 2018a), after the first loading cycle. In that case, Klotz et al. (2018a) found that the
fatigue life mainly depended on the surface roughness resulting from shots impacts. In these
specific LCF cases, shot peening was detrimental to fatigue life.
Selecting optimal shot peening parameters for specific fatigue loadings is critical for in-
dustrial applications. In this context, accurate predictive models for the crack initiation site
and fatigue life of shot peened components would be a considerable asset. This model could
be used to optimize the shot peening process parameters and to reduce the usual costly
experimental trials and errors.
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Chen et al. (2000), as well as Morino et al. (2007), successfully used the short crack
relation proposed by Nisitani (1981) that assumed that the short crack growth rate was pro-
portional to the applied stress amplitude and the crack length. However, these relationships
do not account for the several accelerations and decelerations that a short crack suffers due
to its microstructurally dependent behavior (Miller, 1993). Hussain (1997) performed an
extensive literature survey on analytical models predicting short cracks behavior. According
to Hussain, Chan and Lankford (1983) model, relying on the concept of grain orientation
and larger plastic strain at short crack’s tips, is unable to predict short crack propagation
rate decrease between two grains having the same crystallographic orientation. Also, short
crack propagation models based on modifications of linear elastic fracture mechanics (LEFM),
such as that of McEvily et al. (1991), are not suitable for predicting short crack propagation
since the stress intensity factor range becomes a debatable notion in elastic plastic fracture
mechanics (EPFM). Hobson (1982) developed a model that accounted for the short crack
deceleration at the first grain boundary. However, this model was unable to account for the
accelerations and decelerations of the short crack after it crossed the first grain boundary.
Navarro and de los Rios (1988d, 1987) developed a unified model (N-R model) that pre-
dicts short and long crack transgranular propagation based on Bilby et al. (1963, 1964) work
on the dislocations distribution in a plastic zone. This model accounts for the microstructural
barrier to crack propagation, as well as the different grain orientations. The model relies on
the assumption that a crack is inherently present in the material. Many authors used and
improved the N-R model to predict fatigue life. Navarro and Vallellano (Navarro et al., 1999;
Vallellano et al., 2000a,b) added the stress concentration effect of a surface notch on the
crack propagation. Curtis et al. (2003b), Solis (Solis, 2002; Solis et al., 2009) and de los Rios
et al. (2000) successfully predicted the fatigue lives and short crack behaviors of shot peened
specimens by accounting for residual stresses, surface roughness and surface hardening.
To the best of the authors knowledge, residual stresses and cold work (amount of plas-
tic deformation) redistribution have never been accounted for in the N-R model. McClung
(2007) performed an extensive literature review on the redistribution of residual stresses un-
der monotonic and cyclic mechanical loading, thermal exposure and crack extension. The
study concluded that the relaxation of residual stresses should be taken into consideration
for fatigue behavior and fatigue life prediction. Prevéy (2000) revealed that the amount
of residual stresses relaxation depends strongly on the degree of cold work induced during
surface treatment. Zhuang and Halford (2001) explained that cyclic relaxation is mainly in-
fluenced by: 1) Shot peening effects: initial residual stress and cold work profiles, 2) Loading
conditions: fatigue stress amplitude, mean stress, stress ratio and number of cycles, and 3)
Material properties: cyclic stress-strain response and degree of hardening/softening. The
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authors developed analytical and numerical models to calculate residual stresses relaxation
at the surface with respect to fatigue cycles, for different stress amplitudes at a stress ra-
tio Rσ = −1. The model was not experimentally validated. Meguid and Maricic (2015)
developed a finit element (FE) model incorporating the effect of shot peening process and
predicting residual stress relaxation for an Inconel 718 turbine disk under mechanical and
thermal loading. The FE simulation results showed that the thermomechanical loading was
capable of fully relaxing the residual stresses within the first loading cycle. Buchanan and
John (2014) developed a FE model to simulate the residual stress relaxation under a single
thermomechanical loading in Inconel 100. Both experimental and simulated results showed
that surface compressive residual stresses become tensile under an applied stress larger than
the material’s yield strength. This behavior has been experimentally observed in LCF in
Inconel 718 by Klotz et al. (2018a).
Additionally, no crack initiation are accounted for in the N-R model since a crack is
already assumed to be present in the material. The number of cycles (Ninit) required to
initiate a crack of length a0 in Inconel 718 can be predicted (Ma et al., 2010) using Chan’s
adaptation (Chan, 2003) of the Tanaka and Mura crack initiation model (Tanaka and Mura,
1981), defined as
Ninit =
8M2G2h2 a02
0.005pi (1− ν)D3 (∆σ − 2Mτf )2
(8.1)
where ∆σ is the stress range, M is the Taylor factor and τf is the frictional shear stress.
The slip band width represented by h is usually used as a fitting constant (Chan, 2003) since
it is quite challenging to measure. The model assumes that initiation occurs in a favorably
oriented grain, which implies that M = 2. 2Mτf represents the applied stress range under
which crack initiation does not occur (Chan, 2003).
This study aims at predicting crack initiation location and corresponding fatigue life
experimentally obtained by Klotz et al. (2018a) on polished, as machined and shot peened
Inconel 718 tested in high and low cycle fatigue. The proposed model builds on the N-R
model and incorporates the relaxation of residual stresses, the number of cycles required for
initiating a subsurface crack and cold work evolution.
This paper is organized as follows: The existing N-R model and previous experimen-
tal results are detailed in Section 8.3. Section 8.4 presents the material, the experimental
procedure and sums up the experimental results obtained by Klotz et al. (2018a). Short
crack monitored experimental results are presented in Section 8.5. Section 8.6 presents the
proposed modeling strategy. The FE model developed to predict the redistributed resid-
ual stresses and cold work profiles used as input in the model is presented in Section 8.7.
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Section 8.8 presents the model’s parameters and its results are presented and discussed in
Section 8.9. Finally, Section 8.10 concludes this work.
8.3 Background
8.3.1 Physical grounds of the N-R model
The N-R model is a 1D model that assumes that the crack propagation rate is proportional
to the crack tip opening displacement (CTOD) as (Navarro and de los Rios, 1988d; Tanaka
et al., 1986)
da
dN = A2CTOD
m2 (8.2)
where a is the crack length, N is the number of cycles and A2 and m2 are fitting constants.
The N-R model is based on the hypothesis that successive microstructural barriers (i.e., grain
boundaries) are blocking the plastic zone progression ahead of the crack tip (Navarro and
de los Rios, 1988a; Tanaka et al., 1986).
The model also assumes that a crack already exists in the material, which is idealized
as a discontinuity contained within a half grain. The applied load then induces a plastic
zone resulting from stress concentration at the crack tip. This plastic zone is confined by
the closest grain boundary. The crack propagates through the plastic zone as cyclic loading
progresses. While propagating through the plastic zone, the crack decelerates due to the
increasing resistance to yielding at its tip. Next, it is assumed that a source of dislocations is
present in the next grain. If the stress building at the crack’s tip in the plastic zone is sufficient
to activate this source of dislocations, the plastic zone expands to the next grain, causing
the crack to accelerate and resume its propagation. However, if the stress intensity is not
sufficient to trigger the dislocation source in an adjacent grain, the crack stops its propagation,
resulting in a non propagating crack. This threshold is called the microstructural threshold.
This sequence is repeated in each grain until brutal rupture occurs. Figure 8.1 schematizes
the situation where the plastic zone has propagated through 3 half grains and is blocked at
the second grain boundary. In Figure 8.1, axis x corresponds to the actual distance from a
reference point located at the center of a grain, a represents the crack length, c the crack
plus the plastic zone length and r0 is the distance between the grain boundary at which
the plastic zone is blocked and the source of dislocation in the next grain. i represents the
number of half grains the plastic zone has propagated through (i = 1, 3, 5...). Assuming an
uniform grain size of D yields c = iD/2. The N-R model relies on a normalized axis defined
as x/ (c+ r0). In that normalized coordinate system, a is now related to n1 as n1 = a/(c+r0),
c to n2 = c/(c+ r0) and the source of dislocations normalized coordinate becomes 1. For the
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Source of dislocations
Plastic
zone
Crack
Grain boundary
i = 3
DD/2
0
0
a
n1
c c+ r0 x
x/(c+ r0)n2 1
iD/2
1Figure 8.1 Schematization of the N-R model. The plastic zone has propagated through i = 3
half grains. D is the grain size. Two coordinate systems are represented: x and x/(c + r0).
a and n1 represent the position of the crack’s tip, c and n2 represent the crack plus plastic
zone length and r0 is the length between the grain boundary the plastic zone is stopped at
and the source of dislocations in the next grain
sake of clarity, i is thereafter an exponent on a given variable to mark the number of half
grains the plastic zone has expanded through (i.e., ai, ci, ni1, ni2...). i is incremented each
time the plastic zone expands to an adjacent grain and this consitute a new calculation step.
Recall that i represents the number of half grain the plastic zone has propagated through
and thus i = 1, 3, 5....
In the sequel, subscript s refers to crack’s starting position within a grain either at the
first computation or when the plastic zone has just spread into the next grain. Subscript c
indicates that the plastic zone is just about to spread into the next grain. At the beginning
of the computation (i = 1), or when the plastic zone has just expanded through the ith half
grain, the model is in the following state:
ni1s =
ais
c+ r0
(8.3a)
ni2s =
ci
c+ r0
=
iD
2
c+ r0
(8.3b)
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During fatigue loading, the crack propagates until it reaches a length aic. Then, the source
of dislocations in the adjacent grain is triggered and the plastic zone c expands to the adjacent
grain boundary, which leads to
ni+21s =
aic
c+ r0
= a
i+2
s
c+ r0
(8.4a)
ni+22s =
ci+2
c+ r0
=
(i+2)D
2
c+ r0
(8.4b)
To overcome the ith barrier, it is assumed that the applied stress σ has to be greater than
σiarrest, expressed as
σiarrest =
mi
mi=1
σFL − σi=11√
i
+ σi1 (8.5)
where σFL is the theoretical fatigue limit and σi1 is the crack closure stress. mi represents
the ith grain orientation factor and mi=1 = 1 since crack initiation is assumed to occur in
a grain where the shear stress is the greatest. Using a Kitagawa-Takahashi type diagram,
de los Rios and Navarro (1990) proposed that the grain orientation factor evolves as
mi
mi=1
= 1 + 0.5 ln(i) (8.6)
for mild steel until reaching the Taylor factor. Equation (8.6) was also succesfully used by
de los Rios et al. on aluminum 2024-T351 de los Rios et al. (2000). If the applied stress σ
is inferior to σiarrest, the microstructural threshold is not overcome and the crack stops its
propagation at the ith microstructural barrier.
ni1c can be expressed as a function of σarrest and the yield strength σ2 as (Navarro and
de los Rios, 1988c)
ni1c = cos
(
pi
2
σ − σiarrest
σ2 − σi1
)
. (8.7)
The crack tip opening displacement (CTOD) is calculated based on the number of dis-
locations created in the plastic zone multiplied by the Burgers vector norm (b) as follows
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(Navarro and de los Rios, 1988d, 1987; Vallellano, 1999)
CTODi = bc
i
pi2A
2(σ2 − σi1)ni1 ln
(
1
ni1
)
+ (σi3 − σ2)
(ni1 + ni2)cosh−1
(∣∣∣∣1 + ni2ni1ni2 + ni1
∣∣∣∣
)
+ (ni2 − ni1)cosh−1
(∣∣∣∣1− ni2ni1ni2 − ni1
∣∣∣∣
)
(8.8)
where A = Gb/(2pi(1− ν)) for edge dislocations and A = Gb/(2pi) for screw dislocations. G
is the shear modulus, ν is the Poisson’s ratio and σi3 is the stress applied to the dislocations
source. r0 is assumed to be negligible when compared to D (Navarro and de los Rios, 1988d),
which implies that ni2 ' 1. With this hypothesis, Equation (8.8) has been reduced to (see
Appendix)
CTODi ' 2b
pi2A
ai(σ2 − σi1)
 ln
(
1
ni1
)
+
√
1− (ni1)2
ni1
[
arcsin
(
ni1
)
+ pi2
(
σ − σ2
σ2 − σi1
)] (8.9)
The combination of Equation (8.2) and (8.9) yields the number of cycles to failure Nf ex-
pressed as
Nf =
1
A2
∑
i
∫ ni1c
ni1s
cidn
CTODm2
(8.10)
8.3.2 Incorporation of roughness effects in the N-R model
Klotz et al. (2018a) showed that surface roughness is driving the fatigue life of shot peened
Inconel 718 tested in LCF. For cracks initiating at the surface of a shot peened specimen,
Li et al. (1992) finite element simulation showed that the surface stress concentration factor
Kt0 can be expressed as
Kt0 = 1 + 2.1
(
αd
2βd
)
for αd2βd
≤ 0.30 (8.11a)
Kt0 = 1 + 4.0
(
αd
2βd
)1.3
for αd2βd
< 0.15 (8.11b)
where αd represents the dimples depth and βd represents the dimples half width.
The effect of a notch on a dislocation source can be expressed with the Z parameter as
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(Navarro et al., 1999; Vallellano et al., 2000a,b)
Zi =
√
iD2
α + β
 β
η
(
iD2
) + α√
1 + η
(
iD2
)2

1
2
(8.12a)
η(x) = 1
α2 − β2
[
α
√
(α + x)2 − α2 + β2 − β (α + x)
]
(8.12b)
where Z ≤ 1, α represents the notch’s depth and β its half width. The stress required to
activate the next dislocations source when the plastic zone has propagated through i half
grains is then expressed as (Navarro et al., 1999; Vallellano et al., 2000a,b)
σiarrest,Z = σiarrestZi. (8.13)
Solis (2002) successfully approximated αd and α by the roughness parameter Rt (height
between the deepest valley and the highest peak) and βd and β by RSm/2 (half of the mean
width of the profile elements).
de los Rios et al. (1996) proposed that the stress concentration factor of a crack initiating
at the root of a surface corrosion pit, which has its crack tip at a depth xdepth, is expressed
as
Kt(ai) = (Kt0 − 1)
(
Rt
xdepth
)2
+ 1 for xdepth > Rt. (8.14)
This relationship was successfully used by Solis (2002) on shot peened specimens.
8.3.3 Incorporation of residual stresses in the N-R model
The compressive residual stresses (σRS) introduced by shot peening typically result in a
crack closure stress (σ1). For a crack of length ai, the crack closure stress can be expressed
as (Curtis et al., 2003a; Solis et al., 2009)
σi1 = −
1
ai
∫ ai
0
σRS(x)dx. (8.15)
The fatigue limit of a shot peened specimen (σSPFL) is assumed to be directly modified by the
crack closure stress and is approximated by (Curtis et al., 2003a)
σSPFL = σFL + σi=11 . (8.16)
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For a shot peened specimen, combining Equations (8.5) and (8.16) yields (Curtis et al., 2003a)
σiarrest =
mi
m1
σFL√
i
+ σi1. (8.17)
8.3.4 Brutal rupture conditions and prediction
The N-R model calculations must be stopped when brutal rupture occurs. Navarro and
de los Rios (1992) listed the following stopping criteria:
1. The crack length needed to trigger yielding in the actual grain is longer than that
needed to trigger the dislocations source in the next grain: ais > aic (equivalent to
ni1s > n
i
1c). This condition implies that the crack does not need to propagate anymore
at each step to trigger plastification in the next grain. General yielding occurs and the
crack continuously accelerates.
2. The excess of overall applied stress required to overcome the microstructural barrier
is superior to the resistance to plastic deformation: (σ − σarrest,Z) ≥ (σ2 − σ1). This
results in general yielding.
3. The stress required to trigger the dislocations source in the adjacent grain becomes
negligible: σarrest,Z → 0. The crack does not encounter any resistance to its propaga-
tion.
4. The crack reaches a predefined length, as proposed by Vallellano et al. (2009).
8.3.5 Previous experimental results
The studied material was the precipitation hardened nickel-based superalloy Inconel 718
tested by Klotz et al. (2018a). The microstructure was composed of equiaxed grains having
diameters ranging from 5 to 30 µm. The average grain size was 13 µm. TiCN, NbC and
aluminum and magnesium oxides particles were also present. Five surface conditions were
studied: 1) Polished (down to 1 µm), 2) as machined, 3) shot peened with 0.59 mm diameter
cast steel shots ASH 230 (S230) at an Almen intensity of 4 A, 4) shot peened with 0.36 mm
diameter conditioned carbon steel cut wire shots AWCR 14 (CW14) at an intensity of 4
A and 5) shot peened with CW14 at an intensity of 8 A. For the shot peened specimens,
full coverage was reached on the specimens reduced sections. The studied surface conditions
are summarized in Table 8.1. For the sake of clarity, stress levels where the maximum
stress (σmax) was equal to 1100 MPa led to high cycle fatigue (HCF) and stress levels where
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Table 8.1 The five surface conditions studied by Klotz et al. (2018a). The media diameter is
also presented
Surface Media Intensity(A)
Media
diameter (mm)
1 Polished - - -
2 As machined - - -
3 Shot peened S230 4 0.59
4 Shot peened CW14 4 0.36
5 Shot peened CW14 8 0.36
σmax ≥ 1370 MPa led to low cycle fatigue (LCF). The shot peening conditions are referred
herein as the shot peening media – shot peening intensity couple. For example, CW14–8A
condition means shot peened with the media CW14 at an intensity of 8 A.
Fatigue tests were performed on 9.5 mm diameter cylindrical specimens, at room tem-
perature, at a stress ratio of Rσ = 0.1 and a frequency of 20 Hz. The results presented by
Klotz et al. (2018a) are summarized in Table 8.2. Surface crack initiations occurred either
Table 8.2 Summary of the fatigue results published by Klotz et al. (2018a). Roughness
parameters Rt, RSm and the number of cycles to failure Nf are averages. Center: crack
initiation occurred deeper than 2 mm in the material. Subsurface: crack initiation occurred
at the residual stress tensile peak at a depth of roughly 210 µm
Surface
condition
Nb. of
samples
σmax
(MPa)
Rt
(µm)
RSm
(µm)
Nf
(cycles)
Initiation
location
Polished 42
1100
1380 - -
9.91× 104
2.13× 104 Surface
Machined 42
1100
1380 7.15 246.5
8.56× 104
1.40× 104 Surface
S230–4A 710
1100
1370 8.65 362.4
2.02× 106
1.65× 104
Center
Surface
CW14–4A 910
1100
1370 11.90 328.2
2.09× 106
1.57× 104
Center
Surface
CW14–8A 910
1100
1370 25.38 404.8
4.45× 105
1.24× 104
Subsurface
Surface
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at a stress concentration feature (due to machining or shot peening) or at a niobium car-
bide (NbC) emerging at the surface. Subsurface crack initiations occurred in larger than
average grains; approximately 30 µm for all the observed rupture surfaces. Transgranular
propagation was observed in all samples. Klotz et al. (2018a) experimentally observed that
the rupture surface fatigue crack lengths, before any sign of ductile fracture, were in average
1.3 mm for all HCF surface conditions tested, 0.4 mm for a polished specimen in LCF and
0.2 mm for the other surface conditions tested in LCF.
8.4 Experimental procedure
Silicon elastomer replicas were taken at a specific number of load cycles to monitor the
growth of short cracks on fatigue specimens, using the methodology of Brochu et al. (2010).
Two polished 3.56 mm × 10.16 mm rectangular cross section specimens, whose geometry
is shown in Figure 8.2(a), were axially fatigue tested at room temperature under a 20 Hz
constant stress amplitude on an hydraulic MTS 318.10 frame equipped with an 100 kN
MTS 661.20e-03 load cell at Rσ = 0.1. Two stress levels were used: σmax = 1100 and
1370 MPa. Replicas were taken every 10,000 and 1,000 cycles for the stress levels σmax = 1100
and 1370 MPa, respectively. The replicas were then observed under an optical microscope.
All main cracks initiated from the specimen edges which was challenging for crack growth
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(b)
Figure 8.2 (a) Geometry of the specimens used to monitor short crack behavior with replicas
(dimensions are in mm). (b) Rupture surface of a specimen tested at σmax = 1370 MPa.
The main crack initiated in a corner. The secondary crack replica at 1.7 × 104 cycles is
encapsulated. In average, the length of the crack in the material arep is 0.4 times the length
of the crack on the surface of the specimen observed with the replica
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monitoring. Therefore, secondary cracks found on the flat surfaces were used to gather the
short crack propagation results, as shown in Figure 8.2(b). The observed surface cracks
lengths were multiplied by 0.4 to obtain the corresponding depth, as shown in the encapsu-
lated pictures of Figure 8.2(b). The crack growth rates (darep/dN) were estimated by dividing
the difference of crack depth by the difference in number of cycles for two consecutive crack
width measurements.
8.5 Experimental results
Short crack monitoring results are presented in Figure 8.3 where the calculated crack
propagation rate is plotted as a function of the crack depth. Each line represents one moni-
tored crack.
Figure 8.3 shows that short crack propagation exhibits different rates for HCF and LCF
regimes. In LCF, the cracks exhibit more acceleration and deceleration than in HCF. The
short crack growth rates for the HCF and LCF conditions were fitted with power laws ex-
pressed as
darep
dN = 1.138× 10
−4a 1.26rep for σmax = 1100 MPa (8.18a)
darep
dN = 1.559× 10
−4a 0.92rep for σmax = 1370 MPa. (8.18b)
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Figure 8.3 Replicas results in (a) HCF and (b) LCF. Each dotted line represents a monitored
crack. Approximations with Equation (8.18a) and (8.18b) are also represented
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The power law approximations of Equation (8.18) suggest that the short crack propaga-
tion rates are roughly 10 times higher in LCF than in HCF. This result was expected since
the crack growth rate increases with the applied stress.
8.6 Modeling strategy
The overall modeling strategy consists in predicting the number of cycles to failure for
specific crack initiation simulated points through the thickness as a function of the redis-
tributed residual stress and cold work profiles, the surface roughness and the microstructural
features such as damaged surface carbides and larger than average size grains. The simulated
crack initiation depth yielding the lowest fatigue life was assumed to be the weakest location
in term of fatigue life, as well as the predicted crack initiation site.
Redistributed residual stresses and cold work were accounted for in the modeling pro-
cess. Klotz et al. (2018a) showed that most of the redistribution occurred during the first
cycle. A FE model was calibrated with the experimental results on rectangular specimens
(Figure 8.2(a)) and used to predict the residual stresses and cold work redistribution during
the first loading cycle applied on the cylindrical specimens used by Klotz et al. (2018a). The
redistributed residual stress and cold work profiles, converted into a yield strength profile
using the true stress - strain tensile curve, were used in the model.
Recall that the N-R model assumes the presence of an existing crack. The hypothesis
of a crack inherently present in the material is not validated in the case of subsurface crack
initiations. For this reason, surface and subsurface crack initiations had to be considered
separately.
For a surface crack, Klotz et al. (2018a) experimentally observed that surface niobium
carbides were inherently damaged due to the machining process. Thus, a crack having for
initial length the average size of a niobium carbide (9 µm) was considered. This 9 µm crack
was supposed to be located at the bottom of a dimple where the stress concentration is
maximum. The N-R model was also stopped by one of the criteria listed in Section 8.3.4.
The crack lengths before brutal rupture were chosen as that experimentally observed by Klotz
et al. (2018a).
In the case of subsurface crack initiation, a modified version of Chan’s model, that ac-
counts for the redistributed residual stresses, was used to predict the number of cycles required
to initiate a crack having the length of a grain (Ninit) in the material. The N-R model was
then used to predict the number of cycles until brutal rupture. Finally the fatigue life (Nf )
was considered as the sum of Ninit and NNR, the number of cycle to failure calculated with
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the N-R model.
For both surface and subsurface crack initiations, if the microstructural threshold was not
reached while computing the N-R model, or if the applied stress range was under the fatigue
limit stress range predicted by Chan’s model, the fatigue life was considered as infinite.
The N-R model and the overall model strategy algorithms are presented in Figure 8.4
and Figure 8.5, respectively.
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Simulated crack initiation depth (xinit) : from 0 to xinit,max. Increment : incr.
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Redistributed residual stress and cold work profiles with the FE model
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xinit > 0
∆σFL,RS Equ. (24, 25)
∆σFL,RS < ∆σ
N-R model
Nf(xinit) = Ninit +NNR Nf (xinit) = infinite
xinit > xinit,max
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Yes
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No
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Modified Chan’s model :
Equ. (26)
a0 = 30µm
=> Ninit
=> NNR
=> Predicted Nf and xinit
1Figure 8.5 Overall proposed model. The authors contributions are in bold
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8.7 Residual stresses redistribution modeling
A FE model developed using ANSYS was used to predict residual stress and cold work
redistribution during fatigue loading. The FE model was validated with the residual stress
and cold work redistribution obtained by Klotz et al. (2018a) on rectangular CW14–8A
specimens similar to that presented in Figure 8.2(a). The validated model was then used to
predict the residual stresses and cold work redistribution on cylindrical specimens.
8.7.1 FE model validation
To simulate the rectangular specimens, one eighth of the reduced section was modeled
in ANSYS using symmetric boundary conditions and hexahedral 3D linear solid elements
SOLID185. The FE model is presented in Figure 8.6(a). Residual stress and cold work profiles
obtained from experimental measurements on untested rectangular samples were input into
the FE model as initial state in the surface layer using the following fitting equation
σRS(x) = B1e
−2(x−xd)2
B22 +B3 +B4e
−(x−xe)2
2B5 (8.19)
for the residual stress profile and the fitting equation
εp(x) = b1eb2x (8.20)
for the cold work profile. In these equations, x represents the depth, xd is the depth of the
highest compressive or tensile value of the profile, xe is the depth of an eventual secondary
tensile or compressive peak, B3 is the residual stress value in the bulk material, b1 is the
surface cold work value and B1, B2, B4, B5 and b2 are fitting constants obtained with a
least square approximation. The initial experimental measurements along with the model’s
input values are shown in Figure 8.7(a) and (b) for the residual stress and cold work profiles,
respectively. The obtained parameters are listed in Table 8.3.
The elements size from the surface to a depth of 445 µm was set to a characteristic
length of 5.5 µm to capture the residual stress and cold work gradients in the shot peened
layer. The true stress versus plastic strain curve were obtained using Chaboche’s constitutive
equation (Chaboche and Rousselier, 1983; Lemaitre et al., 2009)
σtrue(εp) = a1
(
1− e−C1εp
)
+ a2
(
1− e−C2εp
)
+ σy0.05% (8.21)
which was successfully used in the literature to describe Inconel 718 behavior in the plastic
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Figure 8.6 Finite element models used for the redistribution of the residual stress and cold
work profiles: (a) one-eighth of the rectangular specimen’s reduced section is simulated with
solid elements and (b) a half of the cylindrical specimen reduced section is simulated with
axisymetric solid elements
-1200
-1000
-800
-600
-400
-200
 0
 200
 400
 600
 0  50  100  150  200  250  300
Re
sid
ua
l st
res
s (
MP
a)
Depth (µm)
Initial experimental measurements
Initial Model input
Experimental σmax=1100MPa, 1 cycleModel σmax=1100MPa, 1 cycleExperimental σmax=1370MPa, 1 cycleModel σmax=1370MPa, 1 cycle
(a)
 0
 10
 20
 30
 40
 50
 60
 0  50  100  150  200  250  300
Co
ld 
wo
rk 
(%
)
Depth (µm)
Initial experimental measurements
Initial Model input
Experimental σmax=1100MPa, 1 cycleModel σmax=1100MPa, 1 cycleExperimental σmax=1370MPa, 1 cycleModel σmax=1370MPa, 1 cycle
(b)
Figure 8.7 FE (a) residual stress and (b) cold work redistribution model results compared to
experimental results (Klotz et al., 2018a) on rectangular specimens. The error bars on the
residual stress profiles represent the average error for each measurement
regime (Klotz et al., 2017). To input Inconel 718 plastic behavior in ANSYS, the ANSYS
APDL command TB with the options of non-linear plasticity (PLAS) and isotropic hardening
(MISO) was used. 120 nonlinear true stress - plastic strain data curve points, in agreement
with Equation (8.21), were manually input using the ANSYS APDL function TBPT. a1,
a2, C1 and C2 are fitting constants listed in Table 8.4. σy0.05% = 1074 MPa is the 0.05 %
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Table 8.3 CW14–8A rectangular specimen prior to test residual stress and cold work profiles
fitting constants
B1
(MPa)
xd
(µm)
B2
(µm)
B3
(MPa)
B4
(MPa)
xe
(µm2)
B5
(µm)
b1
(%)
b2
(µm−1)
-1161.05 14 151.30 116.21 201.02 222 517.17 0.45 0.040
offset yield strength which was preferred to the commonly used 0.2 % offset yield strength
(σy0.2% = 1156 MPa) to better capture residual stress redistribution at σmax = 1100 MPa.
The experimental true stress - plastic strain (εp) curve and the fitting obtained with Equa-
tion (8.21) are shown in Figure 8.8. During the tensile test, striction occurred at εp = 22 %.
Table 8.4 Equation (8.21) fitting constants and 0.05% offset yield strength
a1
(MPa) C1
a2
(MPa) C2
σy0.05%
(MPa)
147.50 324.28 652.00 6.49 1074
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Figure 8.8 Fitting of Equation (8.21) on a tensile test
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Therefore, Equation (8.21) could not be validated for plastic deformations above 22 %. Nev-
ertheless, it was assumed that the true stress - strain curve could be extrapolated for higher
strain values, as proposed by Prevéy (1987), since plastic deformation up to 50 % were
recorded. Equation (8.21) was then also used for plastic strains higher than 22 %.
Klotz et al. (2018a) experimental results, using X-ray diffraction, showed that the resid-
ual stress and cold work profiles were mainly redistributed during the first fatigue cycle.
Therefore, the simulation of residual stresses relaxation was limited to one cycle. The simu-
lation was performed for the two studied loading conditions (σmax = 1100 and 1370 MPa).
Figure 8.7 compares the FE simulation results with the experimental X-ray diffraction mea-
surements presented by Klotz et al. (2018a). It can be seen that the simulated residual stress
and cold work redistribution for both loading conditions are consistent with the experimen-
tal measurements. Therefore, the developed FE model predicts reasonably well the residual
stress and cold work redistribution after one single cycle of fatigue loading at both stress
amplitude.
8.7.2 FE model on the cylindrical specimens
The FE model validated on rectangular cross section specimens was then used to estimate
the residual stresses and cold work redistribution of the cylindrical specimens tested by
Klotz et al. (2018a). The same simulation procedure was used except that axisymmetric 2D
linear rectangular PLANE182 elements were used to model half of the cylindrical specimen’s
reduced section as presented in Figure 8.6(b).
8.8 Fatigue life prediction model’s parameters
8.8.1 Redistributed residual stresses and cold work
Redistributed residual stresses were extracted from the FE model on the cylindrical spec-
imens and inputed in the N-R and Chan models through Equation (8.19), which represents
the residual stresses as a function of the depth (σRS (xdepth)).
The redistributed cold work profiles obtained from the FE model were converted into
yield strength profiles using the tensile stress – strain curve (Figure 8.8) approximated with
Equation (8.21), where the cold work represents the plastic strain (εp). Yield strength profiles
were input in the N-R model, through the parameter σ2, using the following fitting equation
σ2(xdepth) = Y1e
−2x2depth
Y 22 + σy0.2% (8.22)
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where Y1 and Y2 are fitting constants.
The obtained residual stresses and yield strength profiles of the studied specimens are
presented in Figure 8.9. The fitting parameters of Equations (8.19) and (8.22) are listed in
Table 8.5.
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Figure 8.9 N-R and Chan models input redistributed residual stresses as a function of depth
in (a) HCF and (c) LCF. Yield strength profiles input in the N-R model as a function of the
depth in (b) HCF and (d) LCF
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Table 8.5 Equations (8.19) and (8.22) N-R model input constants
σmax
(MPa)
B1
(MPa)
xd
(µm)
B2
(µm)
B3
(MPa)
B4
(MPa)
xe
(µm2)
B5
(µm)
Y1
(MPa)
Y2
(µm)
Polished
1100 -56.02 10 21.58 -0.54 0 0 1 80.99 16.37
1380 12.50 0 20.87 -0.07 0.13 70 2019.31 15.62 20.14
Machined
1100 -314.47 0 26.52 0 0 0 1 249.88 16.61
1380 82.41 0 12.08 -0.22 -2.70 20 103.22 96.83 13.19
S230–4A
1100 -739.81 20 73.76 31.08 0 0 1 615.2 37.77
1370 272.12 0 27.14 -0.86 -17.24 60 318.97 319.88 31.28
CW14–4A
1100 -883.74 20 78.12 48.27 0 0 1 675.19 50.34
1370 295.75 0 38.17 -1.02 -10.02 70 1472.32 355.97 42.78
CW14–8A
1100 -838.81 40 125.48 54.15 61.98 230 145.63 694.08 94.43
1370 320.18 0 69.57 -4.47 -10.88 130 717.96 367.37 80.58
8.8.2 N-R model’s physical parameters
The basic model’s parameters are the following (Table 8.6):
• E, ν and σy0.02% were measured by Klotz et al. (2018a).
• The applied stress σ was computed as the maximum applied true stress (σmax,true).
• Inconel 718 fatigue endurance, in term of σmax at 108 cycles under rotating bending
fatigue (σFL,Rσ=−1) (Gale and Totemeier, 2003), was converted to σFL (at Rσ = 0.1)
using the Goodman relationship (Goodman, 1918; Smith, 1942).
• D was taken as the average grain size measured by Klotz et al. (2018a).
• Only edge dislocations were considered in Equation (8.9) since rupture mode I (long
101
cracks) and mode II (short cracks) both trigger edge dislocations (Chowdhury et al.,
2014).
• To be conservative, the initial crack length for surface crack was considered to be equal
to the length of the average niobium carbide size. The initial state was therefore set
to i = 3 (9 µm > D/2) and ni=3s = 9 µm/(3D/2) = 0.46. The parameter xdepth was
considered as xdepth = 9 µm +Rt to account for the dimples depth.
• In case of a subsurface crack initiation, the initial crack length was 30 µm above
the average grain size in which subsurface crack initiations were experimentally ob-
served (Klotz et al., 2018a). Thus, a0 was set to 30 µm in Chan’s model and in the N-R
model, ni=11s was set to 0.99 (the closest value to 1) to simulate the fact that the pre-
existent crack tip was at the first grain boundary and to respect the, even negligible,
r0 parameter in Equation 8.3(a).
• α, αd and β, βd were set equal to the measured roughness parameter Rt and RSm/2,
respectively.
8.8.3 N-R model’s fitting constants A2 and m2
Parameters A2 and m2 of Equation (8.2) were fitted on the short crack growth behavior
presented in Figure 8.3. Since, in LCF, the material’s yield strength is influenced by the
maximum applied stress, A2 - m2 were independently fitted on HCF and LCF results, result-
ing in two sets of parameters A2 - m2. n11s was arbitrarily set to 0.2, which is smaller than
the shortest crack observed on the replicas. Residual stresses were assumed to be negligible
and the yield strength profile was assumed to be constant since the rectangular specimens
were polished and not shot peened. A least square optimization was performed to best fit
the crack propagation rate as a function of the crack length in HCF and LCF, respectively.
The cost function F was defined as
F =
Nb(aNR)∑
j=1
dajNR
dN −
darep
(
ajNR
)
dN
2 (8.23)
where Nb(aNR) represents the number of times the plastic zone was about to spread in the
next grain and in which the corresponding crack length calculated with the model, aNR, was
in the range of the arep experimentally observed (Figure 8.3). Each of these crack lengths
was numbered from j = 1 to j = Nb(aNR). darep
(
ajNR
)
/dN represents the replicas crack
propagation rate calculated with Equation (8.18a) in HCF and Equation (8.18b) in LCF.
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Table 8.6 Model parameters
σmax 1100 MPa 1370 MPa 1380 MPa
σmax,true 1100 MPa 1492 MPa 1519 MPa
σy0.02% 1156 MPa 1492 MPa 1519 MPa
A2 1.795 ×10−2 2.335 ×10−4
m2 1.108 0.742
σ2(xdepth) Equation (8.22), Table 8.5
σRS(x) Equation (8.19), Table 8.5
σu 1415 MPa
G 78 GPa
ν 0.32
D 13 µm
σFL 900 MPa
σFL,Rσ=−1 620 MPa Gale and Totemeier (2003)
a0 30 µm
Dinit 30 µm
h 2.82 µm
M 2
n31s surface 0.46
n11s subsurface 0.99
α, αd Rt, Table 8.2
β, βd RSm/2, Table 8.2
Figure 8.10 shows the contour plot of log10 (F ) as a function of the parameters A2 and m2.
log10 (F ) was normalized so it lied between 0 and 1. Both contour plots exhibit the presence
of several local minima, which implies that the set of parameters A2−m2 is not unique. The
chosen parameters for both stress levels are represented in Figure 8.10 with a cross. It can be
concluded that the cost function is slightly sensitive to parameter A2 while it is highly affected
by the parameter m2 when its values are inferior to the local minima. Figure 8.11 presents
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the N-R model predicted crack propagation rates obtained with the optimized parameters
A2 - m2, along with the replicas results.
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Figure 8.10 Contour plot of the cost function log10(F ) used to determine the fitting constants
A2 and m2 in the N-R model. The cost function was normalized so that it lied between 0
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Figure 8.11 (a) HCF and (b) LCF N-R model’s crack propagation rates with the optimized
parameters A2 −m2 presented along with the replicas results
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8.8.4 Subsurface crack initiation parameters
The number of cycles to initiate a crack in a 30 µm grain (Ninit), as predicted by Equa-
tion (8.1), was modified to account for the residual stresses. The underlying assumption was
that the residual stresses increased the average cyclic stress without modifying its amplitude.
The stress ratio (Rσ) at a depth xinit changed to:
Rσ,RS(xinit) =
σmin + σRS(xinit)
σmax + σRS(xinit)
. (8.24)
The fatigue endurance stress range at 108 cycles was then obtained by solving the Good-
man relation
σFL,RS(xinit)(1−Rσ,RS(xinit))
2σFL,Rσ=−1
+ σFL,RS(xinit)(1 +Rσ,RS(xinit))2σu
= 1 (8.25)
where σu is the ultimate strength (1415 MPa (Klotz et al., 2018a)) and σFL,RS(xinit), which
is the maximum fatigue endurance stress at 108 cycles under the stress ratio Rσ,RS, is the
unknown. Then, ∆σFL,RS(x) = σFL,RS(x)(1 − Rσ,RS(x)) was computed and Equation (8.1)
becomes
Ninit(xinit) =
8M2G2h2 a02
0.005pi (1− ν)D3init (∆σ −∆σFL,RS(xinit))2
(8.26)
where Dinit is the size of the larger than average grain in which the crack initiates and xinit is
the depth of the grain in which the crack initiation was simulated. M , the Taylor factor, was
set to 2 since the crack initiation was assumed to occur in a favorably oriented grain. The
crack length at initiation, a0, was set equal to 30 µm since it was experimentally observed
by Klotz et al. (2018a) that regular stage I propagation occurred after the first grain.
The slip band width h was estimated from the average fatigue lives of the S230–4A
and CW14–4A specimens, Nfav,4A = 2.06 × 106 cycles, using a depth of crack initiation
xinit = 3 mm to be in the stable tensile part of the profile where crack initiations were
experimentally observed (Klotz et al., 2018a). The best fitting value was h = 2.82 µm, which
is of the same order of magnitude of the roughly 2 µm slip bands width observed by Klotz
et al. (2017) in Inconel 718. The evolution of Nfav,4A as a function of h is presented in
Figure 8.12(a).
The evolution of Ninit as a function of the residual stress at σmax = 1100 MPa is presented
in Figure 8.12(b). It can be observed that, for compressive residual stresses lower than
-320 MPa, the condition ∆σ < ∆σFL,RS is met and thus infinite fatigue life is predicted.
Note that it was not possible to determine the parameter h value with LCF results since
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Figure 8.12 (a) Evolution of Nfav,4A as a function of h. The best fitting value of h is repre-
sented with a cross. (b) Number of cycles to initiate in a 30 µm diameter grain (Ninit) as a
function of the residual stress at σmax = 1100 MPa according to Equation (8.26)
LCF experimental fatigue lives were all resulting from surface crack initiation due to damaged
NbC or stress concentration features.
8.9 Results and discussion
8.9.1 Crack initiation depth predictions
Predicted fatigue lives as a function of the simulated crack initiation depth are presented
in Figure 8.13. Depth steps of 10 µm were used to find the location leading to the shortest
predicted fatigue life. The absence of marker means that infinite fatigue life was predicted.
The depth resulting in the shortest predicted fatigue life is assumed to be the depth at which
an actual crack initiation occurs.
Results at σmax = 1100 MPa are presented in Figure 8.13(a). The model predicts surface
crack initiations for polished and as machined conditions. The microstructural threshold was
not surpassed for the as machined condition, in the case of simulated crack initiations at
depths of 10 and 20 µm because of the local compressive residual stresses (Figure 8.9(a)).
This condition held up to a depth of 100 µm for S230–4A and CW14–4A specimens, and up
to 160 µm for the CW14–8A condition. The model predicts that initiation occurs at a depth
of 230 µm, corresponding to the input residual stress tensile peak depth (Figure 8.9(a)), for
the CW14–8A condition. The fatigue life predictions for S230–4A and CW14–4A conditions
are the same from a depth of 150 µm to the middle of the cross section. This indicates
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Figure 8.13 Proposed model fatigue life predictions as a function of the crack initiation
depth in (a) HCF and (b) LCF. Fatigue life was predicted for surface and subsurface crack
initiations with a depth increment of 10 µm. Missing data points correspond to infinite
fatigue life prediction
that the initiation will occur in the weakest grain (combination of largest size and favorable
orientation) located at a depth equal or above 150 µm. Note that Klotz et al. (2018a) observed
that, for the S230-4A and CW14-4A conditions tested in HCF, crack initiations occurred at a
depth superior or equal to 2 mm. This suggests that crack initiation depth depended on the
location of the weakest link in the microstructure (largest favorably oriented grain). Thus,
if more specimens would have been tested, initiations at depth inferior to 2 mm could have
been found.
In LCF, as it can be seen from Figure 8.13(b), the model predicts that all crack initiations
occur at the surface.
Crack initiation depth predictions are summed up in Table 8.7 along with Klotz et al.
(2018a) experimental observations. The predicted crack initiation depths are in good agree-
ment with the experimental observations, for all the tested conditions.
Ninit, the number of cycles to initiate a crack in a subsurface large grain, predicted
with Equation (8.26), are also presented in Table 8.7. In HCF, in the case of subsurface
crack initiations, Ninit represents more than 95 % of the total number of cycles to failure
(Nf ). Since Ninit represents at least 95 % of the fatigue life for the predicted subsurface
crack initiations, and considering that Figure 8.12(b) shows the negative relationship between
Ninit and σRS(xinit), the predicted fatigue life resulting from a subsurface crack initiation is
highly influenced by the input residual stresses profile. For this reason, all the conditions
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Table 8.7 Proposed model crack initiation (init.) depth, subsurface predicted number of cycles
to initiation (Ninit) and fatigue life (Nf ) predictions (pred.) compared with experimental
(exp.) results. The error is based on the average experimental fatigue lives presented in
Table 8.2. Note that h was chosen to fit the S230–4A and CW14–4A conditions in HCF
Surface
condition
σmax
(MPa)
Crack init. pred.
depth (µm)
Exp. crack init.
depth (µm)
Ninit
(cycles)
Nf
(cycles)
Error
(%)
Polished 11001380
0
0
0
0
-
-
7.91×104
1.79×104
-20
-15
Machined 11001380
0
0
0
0
-
-
8.74×104
1.41×104
+2
+1
S230–4A 11001370
> 150
0
> 2 mm
0
2.06×106
-
2.14×106
1.41×104
+6
-15
CW14–4A 11001370
> 150
0
> 2 mm
0
1.91×106
-
1.98×106
1.39×104
-5
-12
CW14–8A 11001370
230
0
' 210
0
1.51×106
-
1.58×106
1.36×104
+255
+9
exhibited constant fatigue life (Figure 8.13) when crack initiation was sufficiently deep to
be in the constant residual stresses portion of the input profiles (Figures 8.9(a) and (c)).
For the same reasons, the prediction of a 230 µm deep crack initiation is solely due to the
residual stress tensile peak present at this exact depth as observed in Figure 8.9(a). However,
it was experimentally observed that the tensile residual stress peak disappeared after the
first loading cycle (Figure 8.7(a)) due to local damage accumulation at twin boundaries in
the largest favorably oriented grains (Klotz et al., 2018a). This damage mechanism is not
accounted for in the proposed model.
As mentionned previously, the parameter h was fitted on the S230–4A and CW14–4A
HCF results. It was not possible to determine its value in LCF since all cracks initiated at
surface damaged NbC and/or at a surface stress concentration feature. Predicted fatigue lives
for subsurface crack initiation in LCF can thus be questioned. However, in LCF, the surface
is the most critical location for crack initiation due to the presence of tensile residual stresses
and roughness. The fatigue life prediction of a crack initiating at a surface damaged carbide
located at the bottom of a dimple would still be shorter, in LCF, than that of a subsurface
crack initiation in a grain submitted to tensile residual stresses. Indeed, the number of cycles
to crack initiation (more than 90 % of the fatigue life) plus the number of cycles to propagate
the crack have to be considered. For example, the fatigue life prediction with the N-R model
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of a subsurface crack having an initial length of 30 µm and propagating in a constant 287 MPa
tensile residual stress field is 1.20× 104 cycles. This simulation is highly conservative since
287 MPa tensile residual stresses are only present at the surface and reach 0 at roughly 60 µm
below the surface for the CW14–8A specimens. The result is close to the 1.36× 104 cycles
predicted for a surface crack initiation. Since the number of cycles to initiate a crack having
the size of a grain has to be added, we can safely assume that another value of h would not
have affected the crack initiation location prediction in LCF.
8.9.2 Fatigue life predictions
Table 8.7 compares the N-R model fatigue life predictions with the experimental results
obtained by Klotz et al. (2018a). Model predictions are also plotted along with Klotz et al.
(2018a) experimental results in Figure 8.14. Fatigue lives for the S230–4A and CW14–4A
conditions cannot be considered as predictions since the parameter h was adjusted to best fit
their average experimental results. Except for the polished and CW14–8A condition in HCF,
fatigue lives were predicted with a ±15 % error, when compared to the average experimental
results.
In HCF, the fatigue life is nevertheless over-estimated for the CW14–8A condition. In-
deed, as observed by Klotz et al. (2018a), the tensile residual stress peak seems to disappear
after the first loading cycle (Figure 8.7(a)). Klotz et al. (2018a) suggested that it might be
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Figure 8.14 Proposed model fatigue life predictions plotted along with the experimental
results (Klotz et al., 2018a) in (a) HCF and (b) LCF. The squares represent the model
predictions
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due to local yielding leading to local damage (dislocations) accumulation. However this local
damage accumulation is not accounted for in Equation (8.26) and only the relaxed value
predicted by the FE model (108 MPa) was accounted for.
In LCF, the S230–4A and CW14–4A shot peening conditions predicted fatigue lives are
under-estimated, when compared to experimental results. On the other hand, it is over-
estimated for the CW14–8A condition. These prediction errors might be explained by the
form of Equation (8.11) which accounts for the surface stress concentration. Indeed, Li et al.
(1992) established Equation (8.11) using a finite element model applied to round shaped dim-
ples. However, Klotz et al. (2018a) observed that the specimen’s surface was highly altered
after CW14–8A shot peening and thus the hypothesis of round shaped dimples underlying
in Equation (8.11) might not be valid anymore. For the CW14–8A condition, Kt0 = 1.11
when calculated with Equation (8.11). Simulations with the stress concentration factor Kt0
evolving from 1 to 2 were performed to evaluate the impact of Kt0 on the predicted LCF
fatigue life of the CW14–8A specimens. The results are presented in Figure 8.15(a). The
model predicted brutal rupture at the first cycle for Kt0 ≥ 1.80 due to general yielding at
the crack tip. The predicted fatigue life is sensitive to Kt0 and thus a better estimation of
this parameter could improve fatigue life predictions. A 3D map with an optical microscope
could be performed on a shot peened specimen and reproduced in a FE model. A loading
FE simulation would provide stress concentrations factor closer to reality than the idealized
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Figure 8.15 (a) Predicted fatigue life of a CW14–8A specimen at σmax = 1370 MPa as a
function of the parameter Kt0. Brutal rupture at the first cycle was predicted for Kt0 > 1.8.
(b) Predicted fatigue life of a polished speciment at σmax = 1100 MPa as a function of the
inherently damaged NbC size. The inflection is due to the transition from i = 1 to i = 3
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case simulated by Li et al. (1992).
In HCF and LCF, polished specimens fatigue lives are under-estimated, as well as these
in LCF for the S230–4A and CW14–4A conditions. The inherently damage niobium carbide
size was taken as the average carbide size observed by Klotz et al. (2018a) in the plain
material microstructure. This choice might be conservative since the carbides intersecting
with the specimens surface were cut during the machining process and might be smaller
than the carbides average size in the plain material. The predicted fatigue life of polished
specimens tested in HCF for different inherently damaged niobium carbides size are plotted
in Figure 8.15(b). The predicted fatigue life is very sensitive to the inherently damaged NbC
size. A statistical study on the surface inherently damaged carbides size should be undertaken
and by changing the initial NbC size in the model, the predictions could be enhanced.
8.10 Conclusion
Fatigue lives and crack initiation locations were predicted for polished, as machined and
shot peened cylindrical Inconel 718 specimens fatigue tested under axial controlled force
at Rσ = −1. Crack propagation was predicted using the Navarro and de los Rios crack
propagation model which we enhanced by accounting for the redistributed residual stress and
cold work profile estimated using a finite element model. Subsurface crack initiations were
predicted using Chan’s crack initiation model modified to account for the residual stresses.
Surface crack initiations were assumed to occur at a carbide that cracked during the first
cycle or was inherently altered during sample manufacturing. The Navarro and de los Rios
model accounting for the redistributed residual stress and cold work profile was used for
the fatigue life predictions. Subsurface crack initiations were assumed to occur in 3 times
larger than average grains (as experimentally observed (Klotz et al., 2018a)) and the modified
Chan’s crack initiation model was used to predict the number of cycles to initiate in a grain.
The modified Navarro and de los Rios model was then used to predict the number of cycles
for crack propagation.
Crack initiation location was determined by successively simulated crack initiations at
the specimen surface and at different depths. The crack initiation location resulting in the
lowest predicted fatigue life was considered as the specimen’s weakest link. Crack initiation
locations were successfully predicted for all the tested conditions.
Fatigue lives were predicted with a ±15 % error, when compared to the average ex-
perimental results. The exceptions were 1) the condition at which a tensile residual stress
peak led to local yielding (CW14–8A in HCF), not accounted for in the modified Chan’s
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model, 2) the polished condition in HCF for which fatigue life prediction is highly sensitive
to the damaged carbide size and 3) for the S230–4A and CW14–4A conditions, which were
used as fitting conditions to obtain the parameter h and thus they cannot be considered as
predictions.
For future work, the proposed enhancements on the model, which will have a direct impact
on the predicted fatigue life, could be performed to better predict the fatigue life: 1) Better
estimate the surface stress concentrations factors, 2) better estimate the surface inherently
damage niobium carbides size and 3) account for local damage accumulation due to yielding
at residual stress profile tensile peak.
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8.12 Appendix
This Appendix aims to present how Equation (8.8) was simplified to Equation (8.9). The
method is similar to that used by Vallellano (1999) except that herein σ1 6= 0.
The equation to simplify is
CTOD = bc
i
pi2A
2(σi2 − σi1)ni1 ln
(
1
ni1
)
+ (σi3 − σi2)
(ni1 + ni2)cosh−1
(∣∣∣∣1 + ni2ni1ni2 + ni1
∣∣∣∣
)
+ (ni2 − ni1)cosh−1
(∣∣∣∣1− ni2ni1ni2 − ni1
∣∣∣∣
).
(8.27)
Since cosh−1(x) = ln
(
x+
√
x2 − 1
)
, the two cosh−1 functions, renamed P1 and P2 can be
expressed as
P1 = cosh−1
(∣∣∣∣1 + ni2ni1ni2 + ni1
∣∣∣∣
)
= ln
∣∣∣∣1 + ni2ni1ni2 + ni1
∣∣∣∣ +
√√√√(∣∣∣∣1 + ni2ni1ni2 + ni1
∣∣∣∣
)2
− 1
 (8.28a)
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and
P2 = cosh−1
(∣∣∣∣1− ni2ni1ni2 − ni1
∣∣∣∣
)
= ln
∣∣∣∣1− ni2ni1ni2 − ni1
∣∣∣∣ +
√√√√(∣∣∣∣1− ni2ni1ni2 − ni1
∣∣∣∣
)2
− 1
 . (8.28b)
In the N-R model: 0 < ni1 < ni2 < 1 and thus P1 and P2 can be expressed as
P1 = ln
∣∣∣∣1 + ni2ni1ni2 + ni1
∣∣∣∣ +
√√√√1 + (ni2ni1)2 − (ni2)2 − (ni1)2
(ni2 + ni1)
2
 (8.29a)
and
P2 = ln
∣∣∣∣1− ni2ni1ni2 − ni1
∣∣∣∣ +
√√√√1 + (ni2ni1)2 − (ni2)2 − (ni1)2
(ni2 − ni1)2
 . (8.29b)
It is assumed that r0 is negligible in front of the grain size which implies that ni2 ' 1 and
since ln (1 + x) ' x for x→ 0, P1 and P2 can be expressed as
P1 '
√√√√1 + (ni2ni1)2 − (ni2)2 − (ni1)2
(ni2 + ni1)
2 (8.30a)
and
P2 '
√√√√1 + (ni2ni1)2 − (ni2)2 − (ni1)2
(ni2 − ni1)2
. (8.30b)
If we refer to P3 as the common part in P1 and P2, then
P3 = 1 +
(
ni2n
i
1
)2 − (ni2)2 − (ni1)2 (8.31)
and since ni2 = ci/(ci + r0),
P3 = 1 +
(
ci
ci + r0
)2 (
ni1
)2 − ( ci
ci + r0
)2
−
(
ni1
)2
. (8.32)
Which can be reformulated as
P3 = 1 +
(ni1)
2(
1 + r0
ci
)2 − 1(
1 + r0
ci
)2 − (ni1)2 . (8.33)
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r0 is negligible in front of ci and since 1/(1 + x)2 ' 1− 2x for x→ 0, P3 becomes
P3 ' 1 +
(
ni1
)2 (
1− 2r0
ci
)
−
(
1− 2r0
ci
)
−
(
ni1
)2
, (8.34)
which can be simplified to
P3 ' 2r0
ci
(
1−
(
ni1
)2)
. (8.35)
Injecting back P3 in P1 and P2 leads to
P1 '
√√√√√ 2r0ci
(
1− (ni1)2
)
(ni2 + ni1)
2 (8.36a)
and
P2 '
√√√√√ 2r0ci
(
1− (ni1)2
)
(ni2 − ni1)2
. (8.36b)
Then, injecting back P1 and P2 in the CTOD formula results in
CTOD ' bc
i
pi2A
2(σi2 − σi1)ni1 ln
(
1
ni1
)
+ (σi3 − σi2)
2
√
2r0
ci
(
1− (ni1)2
). (8.37)
The equilibrium condition imposes (Navarro and de los Rios, 1992) that
σi3 =
1
arccos (ni2)
[(
σi2 − σi1
)
arcsin
(
ni1
)
− σi2arcsin
(
ni2
)
+ pi2σ
]
, (8.38)
which can also be written as
σi3 − σi2 =
(σi2 − σi1) arcsin (ni1)− σi2arcsin (ni2) + pi2σ − σi2arccos (ni2)
arccos (ni2)
. (8.39)
Since ni2 ' 1, arcsin (ni2) ' pi/2 and arccos (ni2) ' 0 we have
σi3 − σi2 '
(σi2 − σi1) arcsin (ni1) + pi2 (σ − σi2)
arccos (ni2)
. (8.40)
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The CTOD then becomes
CTOD ' bc
i
pi2A
2(σi2 − σi1)ni1 ln
(
1
ni1
)
+ 2
√
2r0
ci
(σi2 − σi1) arcsin (ni1) + pi2 (σ − σi2)
arccos (ni2)
√
1− (ni1)2
.
(8.41)
We know that ni2 = ci/(ci + r0) = 1/(1 + r0/ci), that r0 is negligible in front of ci and
that arccos(1/(1 + x)) ' √2x for x→ 0. And thus
CTOD ' bc
i
pi2A
2(σi2 − σi1)ni1 ln
(
1
ni1
)
+
[
2
(
σi2 − σi1
)
arcsin
(
ni1
)
+ pi2
(
σ − σi2
)]√
1− (ni1)2
,
(8.42)
which can be rewritten as
CTOD ' 2bc
ini1
pi2A
(σi2 − σi1)
 ln
(
1
ni1
)
+
√
1− (ni1)2
ni1
[
arcsin
(
ni1
)
+ pi2
σ − σi2
σi2 − σi1
]. (8.43)
And finally, cini1 = ai which results in
CTOD ' 2b
pi2A
ai(σi2 − σi1)
 ln
(
1
ni1
)
+
√
1− (ni1)2
ni1
[
arcsin
(
ni1
)
+ pi2
σ − σi2
σi2 − σi1
] (8.44)
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CHAPTER 9 ARTICLE 4 : EFFECTS OF ROLLED EDGES ON THE
FATIGUE LIFE OF SHOT PEENED INCONEL 718
T. Klotz, M. Lévesque and M. Brochu.
Submitted to the Journal of Materials Processing Technology on February 13th, 2018.
9.1 Abstract
Shot peening on part edges is a critical operation in aerospace manufacturing. Edges
are plastically deformed by the shot peening media, which can create stress concentration
features known as “rolled edges”. The detrimental impact of rolled edges on fatigue life
has already been observed in the literature. However, the effects of the geometries of the
unpeened edges on rolled edge formation and on the resulting fatigue life have never been
published in the open literature. This study presents the effects of different shot peened edge
geometries on the fatigue life of Inconel 718, in high and low cycle fatigue. Chamfered, sharp
and rounded edges were prepared, shot peened, and fatigue tested. An analysis of crack
initiation mechanisms and fatigue lives showed that shot peened sharp edges represent the
worst configuration tested in terms of fatigue life and that shot peened rounded edges do not
improve the fatigue life when compared to chamfered shot peened edges.
9.2 Introduction
Nickel-based superalloy Inconel 718 is commonly used in gas turbine components. Some
gas turbine components can be shot peened to increase their fatigue lives. The shot peening
process consists of projecting hard particles, called shot, at high velocity onto the part’s
surface. The process introduces surface work hardening (cold work) and compressive residual
stresses that were found by de los Rios et al. (1995) to delay both crack initiation and
propagation. Klotz et al. (2018a) have shown that in high cycle fatigue (HCF) on cylindrical
specimens of Inconel 718, compressive residual stresses and work hardening at the surface
can push crack nucleation beneath the specimen’s surface and can yield a twenty-fold fatigue
life improvement under some testing conditions. However, dimples created by shot peening
on the part’s surface are stress concentrating features that can decrease the effectiveness
of the process. Bagherifard and Guagliano (2012) showed that surface roughness increased
with shot peening intensity on a low-alloy steel. Klotz et al. (2018a) observed that in low
cycle fatigue (LCF), the fatigue performances of shot peened specimens were governed by
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the surface roughness and that the shot peened specimens peened at an intensity of 8 A had
shorter fatigue life than unpeened samples.
Previous studies on the fatigue behavior of shot peened Inconel 718, such as that of
Cammett et al. (2005), in HCF at room and high temperature, the work of Nakamura et al.
(2011) in LCF at room and high temperature, and the study of Klotz et al. (2018a) in
both LCF and HCF at room temperature focused on cylindrical specimens to avoid stress
concentrations. Klotz et al. (2018b) found that, in HCF and LCF, polished rectangular
specimens on which the edges were rounded and polished showed crack initiation at their
edges. Most industrial parts include edges that are critical locations for the formation of
discontinuities during the manufacturing process. For example, Lara et al. (2013) showed
that the fatigue life of high strength steel sheets cut by shearing or by laser was mainly
dependent on the defects created on the cut edges. Pessoa et al. (2016) attributed the
fatigue life reduction of laser-cut stainless steel to the formation of melted drops at the cut
edges.
Edges are also delicate to handle during shot peening. They can be plastically deformed in
the shape of a fold. You et al. (2017) observed that this feature, commonly called “rolled edge”
or “shot peened lip”, was detrimental to fatigue life on a shot peened, tempered martensitic
steel. He et al. (2013) showed that rolled edges had no significant effects on fatigue life in
LCF and that their detrimental effects on fatigue life increased when load decreased. The
authors tested martensitic steel samples, submitted to room temperature bending fatigue at
a load ratio of 0.1 and shot peened with 0.58 mm diameter shot at an Almen intensity of
13 A and 200 % coverage, at multiple strain ranges. With and without rolled edges, the
specimens had the same fatigue lives as unpeened specimens at an applied strain range of
1 %, indicating that rolled edges had not significant effects on fatigue life in LCF. At an
applied strain range of 0.7 %, the fatigue lives were 6× 104 cycles for unpeened specimens,
105 cycles for shot peened specimens with rolled edges, and 2× 105 cycles for shot peened
samples on which the rolled edges were removed. For an applied strain range of 0.55 %,
these fatigue lives became 105, 3× 105 and 107 cycles, respectively. The results published by
He et al. (2013) suggest that shot peening on edges can provide fatigue life improvement in
HCF, even in the presence of rolled edges, although the gain can be about 30 times greater
if the rolled edges are removed.
Edges are commonly chamfered before shot peening in order to minimize the formation
of rolled edges. To the best of the authors’ knowledge, the effects of the unpeened edge’s
geometry on the resulting rolled edges and fatigue lives have not been published in the open
literature. This work examines the effects of different edge preparations on the formation of
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rolled edges during shot peening of Inconel 718 and the resulting effects on fatigue lives and
crack initiation mechanisms in both HCF and LCF.
The paper is organized as follows: Section 9.3 presents the material, the specimen’s
geometry, the shot peening parameters, the fatigue procedures and the observations methods.
Fatigue results and fractographs are presented and discussed in Section 9.4. Section 9.5
concludes the work.
9.3 Material and experimental procedure
9.3.1 Material
The precipitation-hardened superalloy Inconel 718 was the same as that tested by Klotz
et al. (2018a). Tables 9.1 and 9.2 list the mechanical properties and chemical composition.
The microstructure is presented in Figure 9.1. Oxides, NbC, TiCN, and δ (Ni3Nb) parti-
cles are present in the microstructure. Hardening precipitates γ′ and γ′′ are not visible in
Figure 9.1. The average grain size is 13 µm.
9.3.2 Edge preparation
Specimens with a rectangular reduced section similar to that presented in Figure 9.2(a)
were used. Three types of edge preparations were studied: 0.6 mm chamfers at 45◦ (Fig-
ure 9.2(b)) obtained by wire electrical discharge machining; sharp edges as obtained after
machining the reduced section (Figure 9.2(c)); and edges rounded by polishing down to 1 µm
(Figure 9.2(d)). The rounded edges had a radius of approximately 0.9 mm.
Table 9.1 Tensile properties of Inconel 718 (Klotz et al., 2018a)
E (GPa) σy0.2% (MPa) σu (MPa) El. (%) AR. (%)
205 1156 1415 23 33
Table 9.2 Chemical composition of Inconel 718 obtained by optical spectrometry (weight %)
(Klotz et al., 2018a)
Elements Ni Fe Cr Nb Mo Ti Al Co Mn Si
Composition Bal. 19.53 17.84 5.02 3.07 1.16 0.64 0.35 0.16 0.06
118
50 μmTiCN
NbC
δ
Al, Mg
oxide
Figure 9.1 Inconel 718 microstructure micrograph. NbC (niobium carbides), titanium carbo-
nitride (TiCN), aluminum and magnesium oxides and δ phase (Ni3Nb) can be observed
9.3.3 Surface preparation
The reduced sections of the rounded edges specimens were polished down to 1 µm during
the edge preparation. The other specimens were left as machined for shot peening.
Specimens were shot peened with 0.36 mm conditioned, carbon steel cut wire shot
AWCR14 (CW14) at the intensities of 4 and 8 A. Full coverage was obtained on the reduced
section. Shot peening was performed, in agreement with SAE AMS2430T (2015) standard,
with an air-pressured machine designed by Genik and Canablast. The machine was equipped
with a rotating table mounted on a Fanuc 1-axis servo positioner and with a 6-axis M-20i
Fanuc robot. MagnaValves, provided by Electronics Inc., were used to control the shot mass
flow. The shot peening setup is schematized in Figure 9.3. The table rotated at 22 rpm and
the nozzle, positioned at a 205 mm standoff distance, moved vertically at 22 mm/s.
9.3.4 Fatigue tests
Fatigue tests were performed with a 20 Hz sinusoidal loading scheme with a constant stress
amplitude and with stress ratio Rσ = σmax/σmin = 0.1, at room temperature. A hydraulic
MTS 318.10 machine equipped with a 100 kN MTS 661.20e-03 load cell was used. Two
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stress levels were used: 1) σmax = 1100 MPa (< σy0.2%) for HCF and 2) σmax = 1370 MPa
(> σy0.2%) for LCF. The edge preparations and shot peening conditions that were fatigue-
tested are presented in Table 9.3.
Rupture surfaces were examined by scanning electron microscope (SEM) using a JEOL
JSM-7600F. An Oxford X-Max 80 was used to perform energy dispersive X-ray spectroscopy.
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(c)
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Polished down to 1 μm
R≃0.9 mm
(d)
Figure 9.2 (a) Rectangular specimen’s geometry. The dimensions are in mm. Schematize of
the three edge preparations: (b) chamfered edge, (c) as machined sharp edge and (d) rounded
edge
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Figure 9.3 Diagram of the shot peening setup
Table 9.3 Edge preparations and shot peening conditions tested in high and low cycle fatigue.
“X” means that the condition was tested
Chamfer Sharp Rounded
Unpeened X X
CW14 4 A X
CW14 8 A X X X
9.4 Results and discussion
9.4.1 Effects of shot peening on the edge characteristics
The faces of the shot peened specimens were polished and etched to observe the effects of
shot peening on the edges prior to fatigue testing. The micrographs obtained are presented
in Figure 9.4. Dimples on the specimens’ surfaces due to the shots impacts can be observed
on all micrographs.
Figures 9.4(a) and (b) show the effects of shot peening on a chamfered edge at the
intensities of 4 and 8 A, respectively. Figure 9.4(b) shows that the microstructure at the
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chamfered edge shot peened at an intensity of 8 A is highly altered by plastic deformations,
upto a depth of about 40 µm.
Figure 9.4(c) shows a sharp corner morphology after shot peening at an intensity of 8 A.
Two rolled edges can clearly be observed (see in the inlet). The material is highly deformed
near the rolled edge, from the surface to a depth of roughly 40 µm.
Figure 9.4(d) shows the cross section of a polished rounded edge that was submitted to
a peening intensity of 8 A. Except for the dimples, no specific features can be observed.
The approximate initial shapes of the shot peened edges presented in Figure 9.4 are
schematized in Figure 9.5. It can be observed that the deformed regions observed in Fig-
0.6 mm
Dimples
(a)
0.6 mm 50
Dimples
Deformed 
material
(b)
Rolled 
edge
50
Deformed 
material
Rolled edge
(c)
Dimples
(d)
Figure 9.4 Micrographs prior to fatigue tests performed on (a) chamfered specimen shot
peened at 4 A, (b) chamfered specimen shot peened at 8 A, (c) sharp edge specimen shot
peened at 8 A and (d) polished rounded specimen shot peened at 8 A. Two rolled edges are
visible on the sharp edge specimen
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Figure 9.5 Approximate initial shape compared to that shot peened for (a) chamfered speci-
men shot peened at 4 A, (b) chamfered specimen shot peened at 8 A, (c) sharp edge specimen
shot peened at 8 A and (d) polished rounded specimen shot peened at 8 A. The shapes de-
formed by shot peening were extracted from Figure 9.4
ure 9.4(b) and (d) correspond to the tapered part of the edges that have been impacted
by the shots. Note that such material deformations were not observed on the chamfer shot
peened at an intensity of 4 A (Figure 9.4(a) and Figure 9.5(a)).
Figures 9.6 shows SEM pictures of a sharp edge surface and a polished rounded edge one
that were each peened at an intensity of 8 A. The pronounced plastic deformation of a sharp
edge in the form of rolled edges can be clearly observed in Figure 9.6(a). Figure 9.6(b) shows
that material folds were also present on the rounded specimens edges.
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Figure 9.6 Prior-testing SEM pictures of (a) sharp edge shot peened at 8 A and (b) polished
round edge shot peened at 8 A. Rolled edges are observed on the sharp edge while on the
polished rounded edge, the presence of material folds is observed
9.4.2 Fatigue results
LCF and HCF fatigue results are presented in Figures 9.7(a) and (b), respectively. A
Weibull distribution was used to fit the fatigue results for the conditions tested at least three
times. The statistical results are presented in Table 9.4. The Weibull distributions’ scale
parameters λw and shape parameters βw were obtained with the MATLAB function wblfit.
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Figure 9.7 Fatigue results in (a) LCF and (b) HCF. The logarithmic abscissa represents the
fatigue life and the vertical axis represents the maximum applied stress (σmax). The different
edge geometries were put one upon another to allow better comparisons
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As in Bianchetti et al. (2017), the coefficient of determination R2 was used as a goodness-of-fit
test and was computed for each tested condition as
R2 = 1−
∑Nb
j=1 (Dexp,j −Dtheo,j)2∑Nb
j=1
(
Dexp,j − D¯theo
)2 (9.1)
where Nb is the number of specimens tested and D¯theo is the theoretical deciles average. Dexp,j
and Dtheo,j are the deciles determined from the jth experimental data and the theoretical
Table 9.4 Statistics of the fatigue test results using a Weibull distribution. Nb: number
of specimens. Av. Nf : average fatigue life. The Weibull distribution’s scale (λw) and
shape (βw) parameters were determined with the MATLAB function wblfit. R2: coefficient
of determination calculated with Equation (9.1). 50 % prob. failure: number of cycles for
50 % probability of failure. 50 % LB 95 %: lower bound of 95 % confidence interval for
50 % probability of failure. Note that, at σmax = 1370 MPa, only 2 rounded shot peened
specimens were tested and thus no statistical analysis was performed
Specimens Nb Av. Nf(cycles) λw βw R
2
50 % prob.
failure
(cycles)
50 % LB
95 % conf.
(cycles)
σmax = 1370 MPa
Polished rounded 3 2.26×104 2.42× 104 7.1 0.97 2.30× 104 2.13× 104
Machined chamfer 5 1.34×104 1.37× 104 25.3 0.92 1.35× 104 1.33× 104
4 A chamfer 5 8.29×103 8.73× 103 9.9 0.82 8.41× 103 8.09× 103
8 A chamfer 5 7.42×103 7.61× 103 20.4 0.86 7.48× 103 7.34× 103
8 A sharp 4 7.52×103 7.86× 103 13.6 0.88 7.65× 103 7.40× 103
8 A rounded 2 6.16×103 - - - - -
σmax = 1100 MPa
Polished rounded 3 8.61×104 8.90× 104 17.0 0.96 8.71× 104 8.45× 104
Machined chamfer 5 4.03×104 4.17× 104 15.6 0.89 4.07× 104 3.97× 104
4 A chamfer 5 1.43×105 1.58× 105 3.8 0.82 1.43× 105 1.29× 105
8 A chamfer 5 1.06×105 1.09× 105 14.5 0.95 1.07× 105 1.04× 105
8 A sharp 6 6.66×104 7.05× 104 8.4 0.85 6.75× 104 6.47× 104
8 A rounded 3 1.05×105 1.09× 105 15.6 0.96 1.06× 105 1.03× 105
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deciles from the Weibull distribution, respectively. For all the tested conditions, R2 was
superior or equal to 0.85, except for the chamfer specimens shot peened at an intensity of
4 A and tested in both LCF and HCF. It suggests that the Weibull distribution might not be
suitable for these two latter conditions. The number of cycles for a 50 % probability of failure
are also presented in Table 9.4. The lower bounds of the 95 % confidence interval for a 50 %
failure probability, determined with a χ2 test on the logarithm of the likelihood function as
described by Abramovich and Ritov (2013), are also presented to express the spread of the
results. In Table 9.5, the average fatigue lives of the shot peened specimens are qualitatively
compared to those of the unpeened specimens. This qualitative comparison shows that the
effect of edge preparation on fatigue life is stress or strain dependent. This behavior will be
further analyzed in parallel with fractographic observations.
SEM observations were carried out on the specimens tested in HCF. For each specimen’s
surface condition, the specimen that had the longest fatigue life and the specimen with the
shortest fatigue life were examined. Typical SEM observations are shown in Figure 9.8.
Table 9.6 summarizes the observations.
LCF results
All crack initiations, without exception, occurred at edges for the specimens tested in
LCF.
In LCF (Figure 9.7(a)), the unpeened, polished, rounded edge specimens had the longest
fatigue lives, with an average of 2.26× 104 cycles. This average fatigue life is comparable to
the 2×104 cycles obtained by Klotz et al. (2018a) on polished cylindrical specimens tested at
Table 9.5 Qualitative comparison of the average fatigue lives of the shot peened and unpeened
specimens. Av. Nf : average fatigue life. +, –: longer or shorter average fatigue life for the
peened samples, when compared to those of the unpeened samples
σmax = 1370 MPa σmax = 1100 MPa
Condition Av. Nfpolished
Av. Nf
as machined
Av. Nf
polished
Av. Nf
as machined
Av. Nf 4 A chamfer – – + +
Av. Nf 8 A chamfer – – + +
Av. Nf 8 A sharp – – – +
Av. Nf 8 A rounded – – + +
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σmax = 1380 MPa and Rσ = 0.1. It suggests that unpeened polished specimens with rounded
edges behave as cylindrical polished specimens in LCF. There must be a critical radius size
below which this similarity does not hold, but this conclusion was not investigated in this
work.
On the other hand, the unpeened chamfered specimens had an average fatigue life of
1.34 × 104 cycles, which is shorter than the 1.4 × 104 cycles for as machined cylindrical
specimens tested at σmax = 1380 MPa and Rσ = 0.1 by Klotz et al. (2018a). Chamfered
edges with the studied geometry were thus detrimental to fatigue life at σmax = 1370 MPa.
For all shot peening conditions tested at σmax = 1370 MPa, the resulting average fa-
tigue lives were shorter than those of the unpeened chamfered and unpeened rounded edge
specimens indicating that shot peening can be a drawback in LCF, in terms of fatigue life.
This detrimental effect could be explained by the presence of rolled edges and surface ten-
sile residual stresses. Indeed, Klotz et al. (2018a) showed that, on identical specimens
shot peened with CW14 at an intensity of 8 A and tested under the same LCF loadings
(σmax = 1370 MPa), the shot peening induced surface residual stresses redistributed from
-900 MPa before testing to +350 MPa after the first fatigue cycle. Meanwhile, the surface
cold work increased from 45 % after shot peening to 50 % after a single cycle due to general
yielding (σmax = 1370 MPa > σy0.2%). Both residual stresses and cold work redistributions
were negligible between the first fatigue cycle and 80 % of the fatigue life. The presence of
both stresses induced by stress concentrating features and surface tensile residual stresses at
the edges can explain the shot peened specimens’ shorter fatigue lives. On the other hand,
the surface cold work counterbalances the negative effects of surface tensile residual stresses
and rolled edges, and prevents a drastic decrease of the shot peened specimens’ fatigue lives.
The average fatigue lives of all the shot peened specimens are in the same range, around
8 × 103 cycles, as shown in Table 9.4. The only exception is for the shot peened specimens
with rounded edges, for which the average fatigue life is 6.16× 103 cycles. Note that, for this
latter condition, only two specimens were fatigue tested and thus the average fatigue life is
not reliable. Moreover, the differences between the number of cycles for a 50 % probability
of failure and the lower bound of the number of cycles to failure for the same probability of
failure with a confidence of 95 % are less than 4 % for all the shot peened conditions. This
indicates low dispersion in the fatigue results. The only exception is for the specimens with
chamfered edges shot peened at an intensity of 4 A which had a difference of 8 % and for
which the Weibull distribution might not be suitable due to the low R2 value. This indicates
that the edge preparation has no significant effect on the fatigue life of shot peened specimens
in LCF. These results are in agreement with those of He et al. (2013).
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Figure 9.8 SEM observations on specimens tested in HCF: (a) crack initiation at a surface
NbC on an unpeened rounded edge polished specimen, (b) crack initiations on surface defects
on an as machined chamfered specimen, (c) crack initiation at a rolled edge created in a
specimen having chamfers and peened at an intensity of 8 A and (d) crack initiation at a
material fold on a rounded edge polished specimen shot peened at an intensity of 8 A
Since the edge preparation had no significant effect on the fatigue lives of shot peened
specimens and because the fatigue lives of the shot peened specimens were shorter than those
of unpeened specimens, the fracture surfaces were not further studied.
HCF results
All crack initiations occurred at edges for the specimens tested in HCF (σmax = 1100 MPa).
Table 9.4 shows that unpeened specimens with rounded edges had a longer average fatigue
life (8.61 × 104 cycles) than the unpeened chamfered specimens (4.03 × 104 cycles). This
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Table 9.6 Summary of the crack initiation observations under scanning electron microscope.
Nf,min and Nf,max: minimum and maximum fatigue life of a specific surface condition. NbC:
crack initiation at a surface niobium carbide. Stress conc.: crack initiation at a surface stress
concentration feature. Rolled edge: crack initiation at a rolled edge. Material fold: crack
initiation at a material fold
Specimens Nf,min(cycles)
Nf,min Crack
initiation
Nf,max
(cycles)
Nf,max Crack
initiation
σmax = 1100 MPa
Polished rounded 7.76× 104 NbC 9.30× 104 NbC
As machined chamfer 3.47× 104 Stress conc. 4.46× 104 Stress conc.
4 A chamfer 1.08× 105 Rolled edge 2.15× 105 Rolled edge
8 A chamfer 9.64× 104 Rolled edge 1.18× 105 Rolled edge
8 A sharp 5.85× 104 Rolled edge 7.97× 104 Rolled edge
8 A rounded 9.35× 104 Material fold 1.14× 105 Material fold
indicates that the edges’ rounding is beneficial to fatigue life on unpeened specimens in HCF.
Figure 9.8(a) and Table 9.6 show that, for this condition, crack initiations occurred at surface
NbC located at the edges. Klotz et al. (2018a) observed the same crack initiation mechanism
on polished cylindrical specimens tested under the same loading conditions. However, the
average fatigue life of the unpeened specimens with rounded edges (8.61 × 104 cycles) is
shorter than the 9.91×104 cycles obtained by Klotz et al. (2018a) for the cylindrical polished
specimens. It indicates that, in HCF, the presence of 0.9 mm radius rounded edges on
polished specimens is a drawback in term of fatigue life. There might be a radius size past
which the fatigue life results of the rectangular specimens would be comparable to those of
the polished cylindrical specimens.
The average fatigue life of unpeened chamfered edge specimens (4.03 × 104 cycles) is
shorter than the average fatigue life of all the other tested conditions (Table 9.5), without
exception. Figure 9.8(a) and Table 9.6 reveal that several crack initiations occurred on the
chamfer surfaces due to defects left during edge preparation.
Shot peening on rectangular specimens had a beneficial effect on fatigue life when tested
at σmax = 1100 MPa. The qualitative comparisons of Table 9.5 show that all the shot peening
conditions resulted in longer average fatigue lives than for the unpeened chamfered specimens.
This beneficial effect of shot peening, despite the stress concentration features formed at the
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edges during shot peening (Figure 9.6), can be explained by the surface compressive residual
stresses and cold work induced by the shot peening process. Indeed, Klotz et al. (2018a)
showed that, with specimens having the same geometry, shot peened with CW14 at an
intensity of 8 A and tested under the same HCF loading conditions, shot peening induced
surface residual stresses redistributed from -900 MPa before loading to -606 MPa at 80 %
of the fatigue life. The authors have also observed that 45 % cold work deformation was
produced on the specimen surface by shot peening, and remained at the same value at 80 %
of the fatigue life. Nevertheless, the increase of fatigue life for shot peened rectangular
specimens is only a portion of the gain that can be expected on cylindrical specimens. In
fact, Klotz et al. (2018a) observed a potential twenty-fold improvement in the fatigue life for
cylindrical specimens shot peened with CW14 at an intensity of 4 A and tested under the
same HCF conditions.
The crack initiation mechanisms were different from one shot peening condition to another
in HCF. Rolled edges were responsible for crack initiation in the shot peened specimens with
chamfered and sharp edges, as shown in Figure 9.8(c) and in Table 9.6. The material folds
observed in Figure 9.6(b) appear to have been responsible for crack initiation in the shot
peened specimens with rounded edges, as shown in Figure 9.8(d). It suggests that for all
the edge geometries tested, surface compressive residual stresses induced by shot peening
did not counterbalance the stress concentrations due to rolled edges or material folds. Crack
initiations were not constrained below the specimens’ surface, as they were for the cylindrical
samples tested by Klotz et al. (2018a). Shot peening did not significantly improve the fatigue
life when compared with the unpeened rounded specimens.
The severity of the stress concentration features induced by shot peening on the spec-
imens’ edges had a direct impact on the resulting fatigue life. Indeed, sharp edges were
highly susceptible to rolled edge formation during the shot peening process, as shown in
Figures 9.4(c) and 9.6(a). They were also the shot peened specimens with the shortest av-
erage fatigue lives. Sharp edges are therefore to be avoided on specimens submitted to shot
peening due to the formation of severe rolled edges. On the other hand, chamfered specimens
shot peened at an intensity of 4 A, which had least plastic deformation at the edges (Fig-
ure 9.4(a)), had the longest average fatigue lives. The chamfered specimen shot peened at
an intensity of 4 A that had the shortest fatigue life endured 1.5× 104 more cycles than the
unpeened sample with polished rounded edges having the longest fatigue life. Shot peening
at an intensity of 4 A, on chamfered specimens, is thus clearly beneficial in term of fatigue
life in comparison with unpeened polished specimens with rounded edges.
It must be noted that the chamfered specimens shot peened at an intensity of 4 A and
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tested in HCF suffered a wide dispersion in the fatigue results, when compared with the same
specimen geometry shot peened at an intensity of 8 A. Further studies on the geometries of
the created rolled edges on specimens having chamfered corners shot peened at an intensity
of 4 A might provide explanations for the wide dispersion of the fatigue results. Indeed, the
repeatability of the rolled edge geometry might be lower at a peening intensity of 4 A than
at 8 A. It suggests that a lower shot peening intensity should be more beneficial to fatigue
life due to smaller plastic deformations at the edges.
In HCF, chamfered and rounded edges are equivalent in term of fatigue life when shot
peened at an intensity of 8 A. Indeed, the conditions have differences in average fatigue life,
number of cycles for 50 % probability of failure, and lower bounds of the 95 % confidence
interval for a 50 % probability of failure equal to 103 cycles. This means that the two edge
conditions can, from a statistical point of view, be considered as the same condition. It
indicates that the material folds created by the CW14 shot at an intensity of 8 A on the
0.9 mm radius rounded edges result in stress concentration features equivalent to the rolled
edges on the chamfered specimens.
The rounded edges had a radius of about 0.9 mm, which is 5 times larger than the
0.18 mm CW14 shot radius. We can assume that there is a threshold radius value for the
rounded edges, larger than 0.9 mm, past which material folds will not be formed on the
rounded edges during the shot peening process. Indeed, Klotz et al. (2018a) did not observe
such stress concentration features on 4.8 mm radius cylindrical specimens shot peened with
CW14 at an intensity of 8 A. Crack initiation could thus be, theoretically, restricted to below
the rounded edge surfaces. The fatigue life would, consequently, be significantly improved,
as it was on the cylindrical specimens tested by Klotz et al. (2018a) under the same loading
and shot peening conditions.
9.5 Conclusion
Room temperature force-controlled fatigue tests were performed on Inconel 718 specimens
with rectangular reduced section in HCF and LCF at Rσ = 0.1. The objective was to
study the effects of shot peening on different edge geometries upon fatigue life. Unpeened
chamfered and polished rounded edge specimens, as well as shot peened samples having sharp,
chamfered, and rounded edges, were fatigue tested. HCF rupture surfaces were studied under
SEM. Crack initiations, without exception, occurred at specimen edges.
In LCF, for all the tested edge geometries and shot peening conditions, shot peening
is a drawback in terms of fatigue life when compared with the fatigue lives obtained for
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unpeened rounded or chamfered edge specimens. The fatigue lives of shot peened specimens
were independent of the shot peening conditions and edge geometries. The association of
rolled edges and tensile residual stresses after the first loading cycle is responsible for the
decrease in fatigue life when compared to unpeened specimens with the same geometry. On
the other hand, the surface cold work prevents a drastic decrease of the fatigue life.
In HCF, cracks initiated at surface NbC in the unpeened specimens having round edges.
These occurred at surface defects on the chamfers for the as machined specimens, at rolled
edges for the chamfered shot peened specimens, and at material folds for the shot peened
specimens having polished rounded edges. For all the tested shot peening conditions and
edge geometries, The HCF fatigue lives of shot peened specimens were longer than those of
as machined chamfered specimens. The severity of the stress concentration features formed
at edges during the shot peening process had a direct negative impact on the fatigue lives.
Samples having polished rounded corners and shot peened at an intensity of 8 A did not have
longer fatigue lives than chamfered specimens shot peened at the same intensity due to the
presence of material folds induced by shot peening. Chamfered specimens shot peened at an
intensity of 4 A had the longest fatigue lives due to reduced plastic deformation at the edges.
Lower shot peening intensities might result in longer fatigue lives.
The radius of the rounded edges was five times larger than the shot radius. The authors
assume that rounded edges with larger radius will prevent the formation of material folds at
the edges during the shot peening process and will lead to significant fatigue life improvements
in HCF.
All in all, this study provides evidence that shot peening is to be avoided for parts with
edges submitted to LCF loading conditions. In HCF, shot peening with CW14 media is ben-
eficial to fatigue life when compared with unpeened chamfered specimens. 4 A shot peening
intensity should be preferred to 8 A and chamfered or rounded edges should be preferred to
sharp edges. Larger rounded edge radius might maximize the fatigue life improvement.
Future works could study the effects of lower shot peening intensities on the same edge
geometries. Also, the ratio of the radius of the rounded corners and the shot peening media
radius might be an important parameter to study. The threshold value past which material
folds are not created on the rounded edge surfaces (depending on the shot diameter and
the shot peening intensity) might be a major parameter to improve the fatigue lives of shot
peened industrial components.
132
9.6 Acknowledgements
This work was financially supported by the Consortium of Research and Innovation in
Aerospace in Quebec, the Natural Sciences and Engineering Research Council of Canada,
Pratt & Whitney Canada, Bell Helicopter Textron, L3-Communications MAS, Héroux-
Devtek and Mathematics of Information Technology and Complex systems.
133
CHAPTER 10 GENERAL DISCUSSION
Key findings of this thesis are summarized in Section 10.1 and an extended discussion is
provided in Section 10.2. The findings are only valid for Inconel 718 under the tested loading
conditions, the tested shot peening conditions and at room temperature.
10.1 Key findings
10.1.1 Finding 1: Inconel 718 softening rate under cyclic yielding is solely de-
pendent on the accumulated plastic strain
As it was experimentally showed in the first article, under fully reversed applied strain
(Rε = −1) for 0.6 % ≤ εmax ≤ 2 %, the softening rate of Inconel 718 was solely dependent on
the total accumulated plastic strain. This result allowed to predict the 1D cyclic stress-strain
curves of complex uniaxial LCF loadings, at Rε = −1, using data obtained from a unique
LCF single step test performed at the same strain ratio. This prediction method is very
flexible and could lead to significant experimental costs reductions.
As discussed in Chapter 6, the cyclic yield model developed in the first article was not
suitable to predict the softening at a crack’s tip cyclic plastic zone due the different tensile
mechanical properties between the specimens used in the first article and those used for the
fatigue tests.
10.1.2 Finding 2: Shot peening is detrimental to the fatigue life in LCF
All the LCF results obtained during the experimental campaign are summarized in Fig-
ure 10.1.
As it was shown in the second article, shot peening on cylindrical specimens is detrimental
to the fatigue life in LCF. The surface residual stresses redistributed during the first loading
cycle and became tensile. The surface roughness was then the main driving parameter in
terms of fatigue life, as cracks initiated at the specimen surfaces.
It was also shown, in the fourth article, that shot peening on rectangular specimens
reduced the fatigue life in LCF when compared to unpeened specimens. Crack initiations
occurred at the specimen edges and more precisely at rolled edges.
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10.1.3 Finding 3: Shot peening improves the fatigue life in HCF
All the HCF results obtained during the experimental campaign are presented in Fig-
ure 10.2.
It was shown in the second article that shot peening on cylindrical specimens resulted in
crack initiations beneath the surface and improved the fatigue life by a factor ranging from
2 to 20 in HCF. Nevertheless, high shot peening intensity (8 A) induced a tensile peak in
the residual stress profile that led to local yielding which promoted crack nucleation. This
situation resulted in large dispersion in the fatigue results due to a small potential volume of
crack initiation sites. For a lower shot peening intensity (4 A), which resulted in the absence
of such a tensile peak, the fatigue life was the highest observed. It was also characterized by
a low dispersion in the fatigue results.
To the best of the author’s knowledge, it was the first time that it was shown that shot
peening can displace the site of crack nucleation at a depth higher than 2 mm in the specimen
and that the fatigue life can be improved up to 20 times.
For rectangular specimens, as showed in the fourth article, shot peening also improved
fatigue life when compared to as machined specimens. The lowest shot peening intensity
(4 A) was also the most beneficial. Crack initiations occurred at the edge surfaces.
10.1.4 Finding 4: Residual stresses and cold work redistribution can be pre-
dicted and accounted for in both Chan’s crack initiation and N-R models
Residual stresses and cold work mainly redistributed during the first loading cycle. Their
redistribution was negligible between the first cycle and 80 % of the fatigue life. A simple
finite element model was successfully developed to predict both redistribution during the
first loading cycle. The redistributed residual stresses were directly accounted for in the N-R
model and were input in Chan’s crack initiation model through their effects on the fatigue
limit stress range. The redistributed cold work profile was implemented in the N-R model
using the yield strength profile. Indeed, the cold work (plastic strain) was converted in a
yield strength using the tensile test stress-strain curve.
To the best of the author’s knowledge, the redistributed residual stress and cold work
profiles were never accounted for in Chan’s crack initiation model and in the N-R model.
Their redistribution had a direct impact on the fatigue life, especially in LCF where the cold
work increased due to general yielding and where the initial surface compressive residual
stresses became tensile.
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10.1.5 Finding 5: Crack initiation location can be predicted using an analytical
model
The proposed model predictions are presented in Figures 10.1 and 10.2.
Coupling both enhanced Chan’s crack initiation and N-R models allowed to accurately
predict the crack initiation location for each shot peening and loading condition tested.
Indeed, crack initiation was simulated at different depth which allowed to plot a graph of the
predicted fatigue life depending on the simulated crack initiation depth. The depth resulting
in the lowest predicted fatigue life was assumed to be the weakest link in the specimen in
terms of fatigue life, and thus the location where crack initiation occurred.
To the best of the author’s knowledge it is the first time that the crack initiation location
can be predicted.
10.1.6 Finding 6: Shot peened rounded edges do not improve fatigue life when
compared to chamfered ones
Shot peening on polished rounded edges did not improve the fatigue life, when compared
to chamfered peened specimens. Indeed, material folds were created during the shot peening
process on the polished rounded edges. These features were the source of crack initiations due
to stress concentration and led to the same fatigue lives as for the specimens with chamfered
edges. Rounded edges with larger radius might prevent material folds formation and could
lead to significant fatigue life improvement. The idea that there is a threshold ratio between
the shots diameter and the edge radius below which material folds would not be formed was
also developed.
To the best of the author’s knowledge, it was the first time that the effects of the edge
geometries on the formation of rolled edges during shot peening were studied in the open
literature.
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Figure 10.1 LCF results. The crosses represent the experimental results and the squares
represent the model predictions. Note that the different surface conditions and specimen
geometries have been disposed one upon another for the sake of clarity and to allow for a
better comparison. Each horizontal grey/white band represents one surface condition tested
at the maximum applied stress specified on the vertical axis. The crack initiation location is
also presented
137
1100
1100
1100
1100
1100
1100
1100
1100
1100
1100
1100
105 106
Cylindrical - Polished (unpeened)
Cylindrical - As machined (unpeened)
Cylindrical - S230 4A
Cylindrical - CW14 4A
Cylindrical - CW14 8A
Rectangular - Round (unpeened)
Rectangular - Chamfer (unpeened)
Rectangular - CW14 4A chamfer
Rectangular - CW14 8A chamfer
Rectangular - CW14 8A sharp
Rectangular - CW14 8A round
Crack initiation: surface
Crack initiation: surface
Crack initiation: >2 mm beneath the surface
Crack initiation: >2 mm beneath the surface
Crack initiation: 210 µm beneath the surface
Crack initiation: edge
Crack initiation: edge
Crack initiation: edge
Crack initiation: edge
Crack initiation: edge
Crack initiation: edge
Model
σ m
ax 
(M
Pa
), R
σ=
0.1
Nf (cycles)
Figure 10.2 HCF results. The crosses represent the experimental results and the squares
represent the model predictions. The CW14 4A and S230 4A experimental results were used
to calibrate the model. The model predictions for these two conditions cannot be considered
as predictions. Note that the different surface conditions and specimen’s geometries have
been disposed one upon another for the sake of clarity and to allow for a better comparison.
Each horizontal grey/white band represents one surface condition tested at the maximum
applied stress specified on the vertical axis. The crack initiation location is also presented
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10.2 Extended discussion
10.2.1 Optimization of shot peening parameters
In LCF, lower shot peening intensity resulted in a lower surface roughness and yielded a
better fatigue life on cylindrical specimens, when compared to higher shot peening intensity
with similar shot peening media. On the other hand, no direct effect of the shot peening
intensity was found in LCF on rectangular specimens.
In HCF shot peening at an intensity of 8 A resulted in lower fatigue lives, when compared
to those resulting from shot peening at an intensity of 4 A for both cylindrical and rectangular
specimens.
The presence of a residual stress tensile peak induced by shot peening at an intensity of
8 A resulted in local yielding during the first cycle in HCF. This local damage accumulation
promoted crack initiation in cylindrical specimens. On the other hand, shot peening cylin-
drical specimens at an intensity of 4 A pushed the fatigue life to the maximum potential of
the material in HCF.
Lower shot peening intensity resulted in longer fatigue life due to lower plastic deformation
at rectangular specimen edges submitted to HCF.
Larger shot peening media (S230 versus CW14 in this study) resulted in better surface
roughness due to the shallower penetration, for a peening intensity of 4 A.
These observations suggest that the following guidelines should be followed to maximize
the fatigue life of shot peened parts:
1. The shot peening intensity must be sufficiently low to avoid the presence of a tensile
peak in the residual stress profile.
2. The shot peening intensity must be as low as possible to minimize the resulting surface
roughness.
3. The shot peening intensity must be as low as possible to minimize the plastic deforma-
tion on the part edges.
4. The shot peening intensity must be sufficiently high to introduce surface compressive
residual stresses that will remain compressive during service life. This situation should
repel crack nucleation underneath the surface in the absence of edges.
5. The shot peening media must be as large as possible to reduce the surface roughness.
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According to the first criterion, the shot peening intensity should always be below a
given threshold. In this project, this particular value was between 4 and 8 A. Shot peening
intensity should be as low as possible, but sufficiently high to meet the fourth criterion. The
shot peening media is also important in the shot peening process optimization. An ideal
shot peening intensity – shot peening media couple would result in sufficiently small plastic
deformation at the specimen edges and sufficiently high surface cold work and compressive
residual stresses to prevent crack initiation from occurring at the edge surfaces.
10.2.2 Model’s potential in shot peening parameters optimization
Crack initiation location can be predicted with the model developed in this thesis. The
model could thus be used to reduce experimental fatigue test campaign expenses. Indeed,
having an estimation of the crack initiation mechanism and the fatigue life of shot peened
specimens would reduce the costs of specimens machining and testing. The model’s input
parameters that depend on the shot peening parameters are 1) the roughness and 2) the
redistributed cold work and residual stress profiles. The redistributed cold work and residual
stress profiles can be determined from residual stresses measurements performed after shot
peening with the finite element model developed and validated in the third article.
Surface roughness can be measured at low cost after shot peening with a profilometer as it
was performed in the second article. On the other hand, residual stresses measurements are
expensive. Thus, to determine optimal shot peening parameters using the developed model
would still be expensive due to the residual stresses measurements required for each tested
shot peening condition.
However, it has been recently shown by Tu et al. (2017) that the surface roughness and
the residual stresses induced by shot peening parameters on Inconel 718 could be predicted
by coupling a discrete element model with a finite element model. This model accounts
for shot peening parameters such as the shot peening media size and mechanical properties,
the shot peening media mass flow and velocity, the shot-shot interaction, the peening angle
and the distance between the nozzle and the specimen. Inconel 718 softening due to the
several yielding sequences occurring at the specimen’s surface under the shots impact is also
accounted for in Tu et al. (2017) model based on the experimental results of the first article
presented in this thesis.
Tu et al. (2017) model could be used to predict the surface roughness and the residual
stress and cold work profiles after shot peening with a set of shot peening parameters (shot
peening media, shots velocity, shots mass flow, peening angle, the nozzle standoff distance and
the specimen geometry). The predicted cold work and residual stress profiles could then be
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used in the finite elements model developed in the third article to predict their redistribution
due to the fatigue loadings. Finally, the model developed in this thesis would predict the
fatigue life as well as the crack initiation location.
This simulation sequence could be repeated iteratively to find shot peening parameters
that fill the criteria presented in Section 10.2.1 and that are worth to be experimentally
tested. Note that rolled edges creation during shot peening and their effects on fatigue life
have not been yet modeled in the open literature.
10.2.3 Generalization of the model to other loading conditions
The model developed in this thesis is only valid at room temperature under Rσ = 0.1
uniaxial loading. One can wonder how a different stress ratio or loading type could be
accounted for in the model and what additional experimental tests would be necessary.
Adaptation of the model to different stress ratios
The stress ratio has an effect on the redistribution of the residual stresses, especially for
Rσ < 0. Indeed, the surface layer of the material affected by shot peening will suffer yielding
at a lower (absolute value) compressive applied stress than the bulk material due to the
presence of the compressive residual stresses. When the applied stress will increase, the bulk
material will then maintain the surface layer affected by shot peening into tension which will
result in surface tensile residual stresses. The surface layer will then suffer yielding under a
tensile applied stress lower then the bulk material. When the applied stress will decrease, the
bulk material will maintain the surface layer in compression. This sequence will be repeated
during each cycle. Zhuang and Halford (2001) showed that the surface residual stresses in
shot peened Inconel 718 remained tensile after 20 cycles for σmax = 0.8σy0.2%, at Rσ = −1.
The effect of different stress ratios on the residual stresses redistribution could theoreti-
cally be predicted by the finite element model developed in the third article. However, for
Rσ < 0, the simulation of one loading cycle might not be enough to characterized the residual
stresses redistribution. An experimental campaign should be performed to study the residual
stresses redistribution under different applied stress ratios. It would allow to further validate
the finite element residual stresses redistribution model.
The crack propagation rates will also depend on the applied stress ratio. Short crack
monitoring tests or long crack propagation tests should be performed at different stress
ratios to obtain a relationship between the parameters A2, m2 and the applied load ratio.
For experimental cost reduction purpose, the parameters A2 andm2 could also be adjusted by
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fitting the model fatigue life prediction with fatigue experimental results obtained at different
load ratios.
Adaptation of the model to different loading types
The applied loading type will have an effect on the residual stresses redistribution to the
local stress ratio seen by the material. The residual stress relaxation could theoretically be
predicted by the finite element model developed in the third article.
Bending and fully reverse bending fatigue would also have an influence on the crack
initiation location and the fatigue life. Indeed, shot peening would not provide a 20 time
improvement of the fatigue life since the crack initiation location would occur near or at the
surface due to the through thickness applied stress gradient. The applied stress gradient
could be simulated by changing the value of the applied stress, depending on the crack’s tip
depth, at each computation increment of the model. The parameters A2 and m2 should also
be evolving depending on the local applied stress ratio.
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CHAPTER 11 CONCLUSION AND RECOMMENDATIONS
In order to reduce the costs associated with the error and trial experimental campaigns
performed to find optimal shot peening conditions, an analytical model that predicts the
fatigue life and the crack initiation location in shot peened Inconel 718 was developed in this
thesis. Its calibration and validation were based on experimental results obtained during an
extensive experimental campaign.
The first step was to characterize Inconel 718 mechanical properties and behavior under
fatigue loading. A large multi-scale experimental campaign was performed for this purpose.
Unpeened and shot peened specimens crack initiation mechanisms, short crack propagation
rates, fatigue lives and the effects of different edge geometries on the fatigue life were studied
in both HCF and LCF. Cyclic yield tests were also performed to characterize the macroscopic
mechanical behavior of Inconel 718 in strain controlled LCF. The main conclusions of this
experimental campaign are:
• For the first time, it was shown that shot peening can increase the fatigue life up
to twenty times in HCF on Inconel 718 cylindrical specimens tested under Rσ = 0.1
uniaxial loading conditions. In LCF, shot peening is detrimental or with no significant
effects on fatigue life
• The shot peening intensity must be as low as possible to avoid the presence of a residual
stress tensile peak and to minimize the surface roughness. However, it should be high
enough to induce compressive residual stresses that will repel crack initiation below the
specimen’s surface in HCF. For the loading conditions and shot peening media used in
this work, the ideal shot peening intensity might be below 4 A.
• Sharp edges are to be avoided on shot peened parts due to severe rolled edge formation
during the shot peening process.
• Chamfered edges are equivalent to rounded ones, in terms of fatigue life, when shot
peened. Rounded edges with larger radius than those used in the experimental cam-
paign might prevent crack initiation from occurring at the edge surfaces and improve
the fatigue life.
• For the first time, it was shown that the softening rate of Inconel 718 is solely dependent
on the total accumulated plastic strain for 0.6 %≤ εmax ≤ 2 % at Rε = −1. It allows
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to predict the cyclic stress-strain curves of a complex test using the data from a test
performed at a constant strain amplitude.
The experimental results allowed to develop an analytical tool able to predict shot peened
Inconel 718 fatigue life. For this purpose, the N-R propagation model and Chan’s crack ini-
tiation model were coupled to allow fatigue life prediction in case of surface and subsurface
crack initiations. Indeed, the underlying hypothesis of the N-R model is that a crack is inher-
ently present in the material. However, in case of subsurface crack initiation this hypothesis
is not validated. Chan’s crack initiation model was, in this case, used to calculate the number
of cycles to initiate a crack in a subsurface grain as it was the subsurface crack initiation
mechanism experimentally observed. The N-R model could have then be used to predict the
number of cycles to failure. For each loading and shot peening condition, different crack ini-
tiation depth were simulated. The crack initiation depth resulting in the shortest fatigue life
was considered to be the weakest link in the material and thus the predicted crack initiation
location. The N-R model was enhanced to account for the redistribution of the cold work
and the residual stresses. Chan’s crack initiation model was also modified to account for the
redistributed residual stresses. The model developed in this thesis allowed, for the first time,
to predict with accuracy the crack initiation location. The fatigue life predictions were in
good agreement with the experimental results.
All in all, in addition to the extensive experimental campaign results, this thesis provides
an analytical model able to predict the location of crack initiation and the fatigue life in
unpeened and shot peened Inconel 718. The model can be used to optimize the shot peening
process.
Recommendations for future studies
• Extend the validity of the cyclic yield model to different strain ratios.
It would be interesting to perform cyclic yield tests at Rε 6= −1 to enhance the cyclic
yield model developed in this thesis and it could be used to simulate the material
softening at the crack’s tip. However, the simulation of the softening behavior at the
crack’s tip plastic zone will be highly challenging because the strain ratio is not constant
in the plastic zone. Moreover, the softening would occur at a microstructural scale and
the local strain in a grain will depend on its orientation, its size, the orientation of the
surrounding grains and the distance from the crack’s tip.
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• Model damage accumulation at twin boundaries.
The model developed in this thesis did not accurately predict the HCF fatigue life for
the shot peening condition resulting in a residual stress tensile peak. This prediction
could be enhanced by accounting for the local damage accumulation at twin boundaries
due to the tensile residual stress peak relaxation during the first loading cycle.
• More realistic approach on the stress concentration due to roughness.
Instead of assuming that the dimples have perfect rounded shapes, it would be interest-
ing to develop a model able to predict the real surface stress concentration factors. One
could, for example, perform a 3D mapping of the shot peened surface and reproduce it
in a finite element model to extract the stress concentration factor.
• Include rolled edge effects in the model.
The fatigue life prediction model could be improved by including the effects of the rolled
edges. One could simulate the rolled edges with a finite element model and extract a
stress concentration factor value.
• Couple the model with a coupled discrete-finite element model.
The shot peening process and the fatigue test campaign could be simulated in its
entirety by coupling the analytical model developed in this thesis with the discrete-
finite element model developed by Tu et al. (2017).
• Adapt the model to other loading condition.
As discussed in Section 10.2.3, the model could be adapted for other loading conditions.
A residual stresses redistribution experimental campaign will be required at different
applied stress ratio to further validate the residual stresses redistribution finite element
model. The evolution of the parameters A2 and m2 depending on the applied load ratio
should also be determined.
• Adapt the model to high temperatures.
A major improvement of the model would be to adapt it to the high temperatures
at which Inconel 718 parts are usually submitted. For this purpose, the model would
have to be largely modified. Indeed, the crack initiation mechanisms would change
(Connolley et al., 2000), the short crack propagation rates would be decreased by the
oxidation (Kawagoishi et al., 2000) and the long crack propagation mechanism would
be either transgranular, intragranular or mixed, depending on the loading frequency
(Antunes et al., 2000). The temperature would also have to be taken in account in the
residual stresses redistribution model (Hoffmeister et al., 2012).
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• Adapt the model to other materials.
The model developed in this thesis could be adapted to other materials. The crack
initiation part of the model might have to be modified if different subsurface crack
initiation mechanisms were at stake.
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APPENDIX B LONG CRACK GROWTH RATES MEASUREMENTS
Measurements of fatigue long crack growth rates in rupture mode I were achieved in
agreement with ASTM Standard E647-13 (2013). Two compact test (CT) specimens similar
to that presented in Figure C.5 were used (CT 1 and CT 2). The CT specimens were
machined from a 90 mm diameter bar. The crack size was estimated with the compliance
method. The tests were performed at Rσ = 0.1.
As it can be observed in Figure B.1, the Paris relation can be expressed as
da
dN = 3.45× 10
−12∆K3.12 (B.1)
10-8
10-7
10-6
20 30 40
da
/dN
 (m
/cy
cle
s)
ΔK (MPa√m)
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CT 2
Paris relation: 3.45 X 10-12 ΔK3.12
Figure B.1 Long crack growth rate measurements on two CT specimens
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APPENDIX C TECHNICAL DRAWINGS
This appendix presents the technical drawings of the specimens used in the project. These technical drawings were sent to
Pratt & Whitney Canada for machining.
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ECOLE POLYTECHNIQUE
Subsize Tensile Test Specimen NI_PW_2_1
Designer: Thierry KLOTZ
Manager: Myriam BROCHU
Date: 17/03/2014 Scale: 3:2
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Figure C.1 Tensile test specimen
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ECOLE POLYTECHNIQUE
Designer: Thierry KLOTZ
Manager: Myriam BROCHU
Date: 17/03/2014 Scale: 1:1
Cyclic Yield Test Specimen Ni_PW_3
All DIMENSIONS ARE IN INCHES
 - All the surface finish of the reduced 
section must be at 32µin or better.
 - All the other surface finish must 
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Figure C.2 Cyclic yield specimen
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ECOLE POLYTECHNIQUE
Fatigue Test Cylindre Specimen NI_PW_6_1
Designer: Thierry KLOTZ
Manager: Myriam BROCHU
Date: 03/03/2014 Scale: 1:1
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Figure C.3 Cylindrical fatigue specimen
164
ECOLE POLYTECHNIQUE
Designer: Thierry KLOTZ
Manager: Myriam BROCHU
Scale: 4:3
All DIMENSIONS ARE IN INCHES
Fatigue Test Specimen Ni_PW_7_1_3
Date: 14/03/2014
- All the surface finish of the 
reduced section must be at 32µin.  
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63µin or better.
- Max Temperature while machining: 50°C.
- Concentricity must be within +/- 0.0005 TIR between
 the two grip sections.
- Angular tolerances:  +/-2°.
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Figure C.4 Rectangular fatigue specimen
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APPENDIX D SHOT PEENING PROCEDURE
This is the shot peening procedure developed by the author of the thesis in agreement with
AMS2430T standard. The guidance of John Quinn from Bell Helicopter was very helpful.
This exact procedure was the one used on the cylindrical specimens shot peened with the
S230 shot peening media at an Almen intensity of 4 A.
MANU508 F-Ni
École Polytechnique de Montréal
Shot peening: Inconel 718 cylindrical fatigue samples
Process parameters sheet following AMS2430T
Media: S230
Intensity: 4 A
Coverage: 98 %
Thierry KLOTZ
September 26, 2015
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D.1 Peening parameters
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Figure D.1 Overall view of the shot peening machine
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Table D.1 Shot peening machine description
Model Serial number Type
Peening machine CANABLAST
Enceinte de grenaillage
Polytechnique Montréal 2693
-
Robot FANUC
M-20iA R12Y01306 A05B-1222-B202
Controller
R-30iB E12Y30008 A05B-2611-B322
Rotating table
FANUC 1-axis Servo
Positioner R13110359 A05B-1220-J103
Holders
General holder PF-444066 -
Almen holder PA1-7529 -
Samples holder - -
Shotmeter (Calibration: 2013-12-20 (12 measured points) ±1.5%)
SM-HEAD-G3 0060 -
SM-CONTROLLER-G3 0060 -
Almen gage
TSP-3 Rev. B 4394 -
Almen gage numerical indicator
2032440 1412550 -
RoTap machine
RX-29 10-4931 -
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D.1.2 Shot peening parameters
Table D.2 Shot peening parameters
Parameter Value
Media S230 (AMS2431/2E)
Strips A
Intensity 4 A
Coverage 98 %
Stand-off distance 12 in
Pressure 8.1 psi
Massflow 30 lb/min
Table rotation speed 22 rpm
Robot speed 22 mm/s
Nozzle type Straight-Bore
Nozzle diameter 0.5 in
Nozzle length 3.25 in
Almen intensity program X_ALMEN_12IN
Samples peening program X_CTM
Shot meter program X_SHOTMETER_12IN
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D.1.3 Samples
ECOLEWPOLYTECHNIQUE
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Figure D.2 Samples to peen
Table D.3 Samples properties
Material Inconel 718
Tensile strength 1410 MPa
Yield strength 1150 MPa
Hardness 43 HRC
171
D.1.4 Peening trajectory
Intensity measurement trajectory
Figure D.3 Intensity measurement trajectory
Samples peening trajectory
Figure D.4 Intensity measurement trajectory
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D.2 Media inspection
D.2.1 Size inpection
The media was taken from the nozzle the 21st September 2015 at 11:00am.
In-process S230 media.
Table D.4 Running time of the RoTap machine
Required AMS2430T 5 min ± 5 s
Executed 5 min 0 s
Table D.5 Size inspection test results
Retained by sieve 18 Passing sieve 30
Required AMS2430T < 0.5 % < 20 %
Results 0 % 2 %
D.2.2 Shape inspection
The media was taken from the nozzle the 21th September 2015 at 11:00am.
Table D.6 Shape inspection sample size
Sample size
Required AMS2430T 1/2 in × 1/2 in
Used 1/2 in × 1/2 in
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Figure D.5 Media shape inspection
Table D.7 Shape inspection results
Number of
unacceptable shots
Max. allowed
AMS2430T 14
Found 10
D.3 Intensity measurement
D.3.1 Intensity prior to coverage measurement
The saturation curve was made prior to coverage measurement the 21th September 2015
at 3:00pm.
The shots velocity was measured immediately after the saturation curve with a 194 mm
focal length.
The arc heights used to find the intensity are equal to the arc heights measured minus
the pre-bows.
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Table D.8 Saturation curve prior to coverage measurement
Peening time Pre-bow (10−3 in) Arc height (10−3 in)
1 cycle 0.15 2.3
2 cycles 0.15 3.5
4 cycles 0.1 4.2
8 cycles 0.15 4.8
Figure D.6 Saturation curve prior to coverage measurement
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Table D.9 Intensity prior to coverage measurement
Tolerance AMS2430T 4 A -0/+30%
Measured 4.15 A
Number of cycles 3.7 cycles
Shots velocity 12.5 m/s
% identified shots* 65 %
* Percentage of shots on which the shotmeter managed to measure the velocity. The
manufacturer requires a minimum of 60%.
D.3.2 Intensity prior to samples peening
The saturation curve was made prior to samples peening the 25th September 2015 at
11:00am.
The shots velocity was measured immediately after the saturation curve with a 194 mm
focal length.
The arc heights used to find the intensity are equal to the arc heights measured minus
the pre-bows.
Table D.10 Saturation curve prior to samples peening
Peening time Pre-bow (10−3 in) Arc height (10−3 in)
1 cycle 0.0 2.40
2 cycles 0.2 3.60
4 cycles 0.0 4.4
8 cycles 0.2 5.10
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Figure D.7 Saturation curve prior to samples peening
Table D.11 Intensity prior to samples peening
Tolerance AMS2430T 4 A -0/+30%
Measured 4.39 A
Number of cycles 3.7 cycles
Shots velocity 12 m/s
% identified shots* 73 %
* Percentage of shots on which the shotmeter managed to measure the velocity. The
manufacturer requires a minimum of 60%.
D.3.3 Intensity after samples peening
The saturation curve was made after samples peening the 25th September 2015 at 11:00am.
The shots velocity was measured immediately after the saturation curve with a 194 mm
focal length.
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The arc heights used to find the intensity are equal to the arc heights measured minus
the pre-bows.
Table D.12 Saturation curve prior to samples peening
Peening time Pre-bow (10−3 in) Arc height (10−3 in)
1 cycle 0.3 2.55
2 cycles 0.2 3.55
4 cycles 0.25 4.20
8 cycles 0.3 4.85
Figure D.8 Saturation curve after samples peening
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Table D.13 Intensity after samples peening
Tolerance AMS2430T 4 A -0/+30%
Measured 4.0 A
Number of cycles 3.4 cycles
Shots velocity 12 m/s
% identified shots* 72 %
* Percentage of shots on which the shotmeter managed to measure the velocity. The
manufacturer requires a minimum of 60%.
D.4 Coverage measurement
The coverage measurement peening was performed the 21th September 2015 at 3:00pm.
The coverage was measured visualy with a X50 magnification.
Table D.14 Coverage measurement results
Target 98 %
Obtained 98 %
Number of cycles
executed 7
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Figure D.9 Coverage curve
D.5 Samples shot peening
The samples were shot peened on the 25th September 2015. The peening number of cycles
is 7.
180
Table D.15 Samples shot peening
Samples Peening time Comments
CP18 12:20pm -
CP3 12:30pm -
CP10 12:33pm -
CP23 12:36pm -
CP14 12:40pm -
CP13 1:15pm -
CP24 1:18pm -
CP2 1:23pm -
CP6 1:26pm -
CP1 1:29pm -
CP7 1:40pm -
CP22 1:44pm -
CP16 1:49pm -
CP4 1:53pm -
CP9 2:33pm Stopped after 2 cycles because of a lack of media. 5
cycles were done 1h15 after.
CP8 3:18pm -
CP11 3:22pm -
CP15 3:32pm -
CP17 3:36pm -
CP19 3:40pm -
CP5 3:44pm -
CP21 3:49pm -
CP12 3:53pm -
